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FIGURE  CAPTIONS 


Fig.  1  Maker  Fringe  Patterns  for  a  Nematic  solution  of  PBT,  with  parallel  polars 
and  the  incident  polarization  orthogonal  to  the  director  (e.g.,  arrangement 
V-H-Vor  H-V-H) 

Fig.  2  Maker  Fringe  Patterns  for  a  Nematic  solution  of  PBT,  with  parallel  polars 
and  the  incident  polarization  parallel  to  the  director  arrangement  V-V-V 
(a)  and  H-H-H  (b). 

Fig.  3  Maker  Fringe  Patterns  for  a  Nematic  solution  of  PBT,  with  crossed  polars 
and  the  incident  polarization  parallel  to  the  director  arrangement  H-V-V 
(a)  and  V-H-H  (b). 

Fig.  4  Schematic  description  of  the  sample  and  the  polarizations  configuration 
for  the  interference  process,  (a)  Geometry  1  (<p  =  7i/4)  in  the  first  method , 
a  perpspective  view  is  given,  (b)  Light  path(s),  ordinary  and 
extraordinary,  in  the  crystal  with  the  corresponding  refraction  angles  d'g 

and  O'q.  (c)  Schematic  diagram  for  the  diverging  beam  with  the  different 
waves  in  the  crystal  for  the  second  method;  n  is  kept  within  the  plane 
and  normal  to  the  cone  axis. 

Fig.  5  Experimental  arrangement  for  the  rotation  of  a  plane  parallel  sample  and 
conoscopic,  methods:  (a)  Visible  radiation,  n  is  always  within  the  sample 
plane,  (b)  Harmonic  Generation  apparatus  for  the  incident  I.R.  radiation. 
Weakly  converging  lenses  Li  and  L2  may  help  reaching  a  better  definition 

of  the  light  beam  in  the  sample,  and  therefore  for  d.  (c)  Schematic 
diagram  for  the  conoscopy  mode. 

Fig-  6  Transmitted  Intensity  as  function  of  the  rotation  angle  ■&  for  the  visible 
radiation  case:  \  =  632.8  run  (He-Ne  red  line),  d  =  200  pm,  c  =  0.0715 
(g/cm3). 

Fig.  7  Harmonic  Generation  (HG)  signal  as  function  of  the  rotation  angle  from 
PBT  monodomain  (c  =  0.0813  (g/cm^),  and  d  =  350  pm):  (a)  SHG  signal  at 

2,(0  =  1064  pm.  (b)  SHG  signal  at  2«}  =  1542  run;  (c)  THG  signal  at  Xw  = 
1907  run. 

Plots  for  SHG  and  THG  signals  firom  the  Quartz  reference  (c)  SHG  at 

2,2(0=  532  run;  (d)  THG  at  X3(o=  514  run.  The  minima  for  THG  pattern  are 
broader  than  observed  for  SHG  case. 
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Fig.  8  Conoscopic  interference  figures  for  a  PBT  monodomain  (c  =  0.075  42 

(g/cm^)  #and  d  =  300  pm),  together  with  the  Quartz  reference  (top  and 
middle  figures,  respectively);  crossed  polars  and  n  at  7t/4  with  respect  to 
P  and  A..  Bottom  figure  correspond  to  a  tilted  crystal  within  its  plane;  the 
interference  figure  is  slightly  rotated  within  its  plane. 

9  Plot  for  the  birefringence  I  nE  -  no  I  vs.  X;  for  a  monodomain  with  c  « 

0.0813  (g/cm^)  and  a  sample  thickness  d  =  350  pm. 

Fig.  10  Plot  for  the  absolute  refractive  indices  vs.  X:  Top  curve  is  for  Oe  whereas 
the  bottom  curve  is  for  Uq. 

Fig.  11  Plot  of  1/R  vs.  v2  for  both  refractive  indices:  ordinary  and  extraordinary.  45 

Fig.  12  Plot  for  the  birefringence  I  nE  -  no  i  as  function  of  the  concentration  c.  46 
The  value  of  c  scanned  are  within  the  range  sligthly  above  the  critical 
concentration  indicated  by  the  arrow. 

FIG.  13  Ternary  diagrams  for  blends  of  PBT  and  nylon-66  in  MSA.  The  unfilled  70 
and  filled  symbols  represent  isotropic  and  anisotropic  compositions, 
respectively.  The  unfilled  circles  designate  compositions  used  in 
rheological  studies.  The  solid  curve  represents  the  binodal,  and  the 
heavy  dashed  line  gives  the  tie  lines,  calculated  as  described  in  the  text. 

The  upper  and  lower  figures  are  for  series  C  and  A,  respectively.  The 
light  dashed  line  passing  though  the  apex  in  the  upper  figure  is  discussed 
in  the  text. 

FIG.  14  Ternary  diagrams  for  blends  of  PBO.  The  unfilled  and  fiUed  symbols  71 
represent  isotropic  and  anisotropic  compositions,  respectively.  The 
unfilled  circles  designate  compositions  used  in  rheological  studies.  The 
solid  curve  represents  the  binodal. 

FIG.  15  The  reduced  viscosity  il/Tis(Mw[ri])R  versus  (NacLw/MQR  for  solutions  72 
of  PBT:  series  A  (unfilled  circles),  and  series  C  (filled  circles),  where  tis  is 
the  viscosity  of  the  solvent.  The  symbols  with  a  pip  are  for  solutions  with 
no  nylon-66.  The  solid  and  dashed  curves  represent  the  use  of  Eqn.  (1) 
with  Eqns.  (4)  or  (5),  respectively;  ft  =  1  in  both  cases. 

FIG.  16  The  reduced  viscosity  ti/tis(Mw(ti](«*/B))r  versus  (NacLw/MOR  for  73 
solutions  of  PBO,  where  t|s  is  the  viscosity  of  the  solvent.  The  solid  and 
dashed  curves  represent  the  use  of  Eqn.  (1)  with  Eqns.  (4)  or  (5), 
respectively;  fli  =  1. 
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FIG.  17  The  reduced  linear  recoverable  compliance  R(t)/Ro^^^  versus  reduced  74 
time  t/tc  for  solutions  in  series  A  and  a  solution  of  nylon-66.  From  top  to 
bottom,  A-1.54/0,  A-1.11/1.66,  A-1.43/0.96  and  the  nylon  solution  (w  = 
0.2381).  The  constant  in  the  ordinate  separates  the  curves  by  0.5  units  for 
clarity.  Values  of  t^  and  R^^^^are  given  in  Table  4,  except  for  the  nylon-66 
solution,  for  which  Ro^^^  =  0.00056  Pa'l  and  Xc  ®  3-3  s. 

FIG.  18  The  reduced  linear  compliance  R(t)/Ro(^  versus  reduced  time  for  75 

solutions  in  series  C.  The  data  are  grouped  in  compositions  with 
(essentially)  common  rodlike  polymer  concentration,  with  the  samples 
having  the  highest  concentration  of  rocUike  polymer  at  the  top  (i.e.,  from 
top  to  bottom,  C-2/54/F,  C-2.11/F,  C-1.72/F,  C-1.29/F,  and  C-0.86/F). 

The  data  include  samples  with  no  nyion-66  (no  pip)  and  indicate  data 
with  increasing  nylon-66  as  the  pips  rotate  clockwise  from  straight  up. 

The  constant  in  the  ordinate  spearates  the  curves  by  0.5  units  for  clarity. 
Values  of  tc  are  given  in  Table  5. 

FIG.  19  Composite  plot  of  reduced  compliances  versus  t/ Tc  for  a  solution  of  PBO  76 
(9  =  0.0305):  r(<o)/Ro<^>.  large  circle;  J'’(o))/Ro<^^/  squares;  J(t)/Ro(S), 
triangles,  and  R(t)/Ro^^,  small  circles.  The  upper  line  gives  Jd(t«))/Ro^^l 
and  the  lowere  line  gives  Jd,R(<o)/Ro^^^* 

FIG.  20  Composite  plot  of  reduced  compliances  versus  t/tc  for  a  solution  of  a  77 
blende  of  PBO  and  PabBO  for  compositions  of  3.10/2.06  (no  pips)  and 
3.07/1.02  (with  pips):  J'(<i))/Ro(5),  large  circle;  J"(w)/Ro^^^  squares; 

J(t)/Ro<®),  triangles,  and  R(t)/Ro(5I/  small  circles.  TTie  upper  line  gives 
Jd(a))/Ro<®),  and  the  lowere  line  gives  Jd,R(®)/Ro^®^- 

FIG.  21  The  differential  strain  Ayft)  =  aUo{f)  *  Jo(f)]  versus  Y(t)  for  A-l.lO/l.lO.  78 
The  data  give  a  critical  strain  y  equal  to  0.5. 

FIG.  22  Reduced  flow  birefringence  relaxation  function  MK(t)/M<  (circles)  and  79 
stress  relaxation  function  f|K(f)/T|K  (triangles)  for  solutions  in  series  A. 

The  temperature  was  30 IK  except  where  noted  by  an  asterisk,  for  which 
T  =  288K-  The  symbols  denote  samples  and  strain  rates  (s*^)  as  follows: 


A-l.54/0 

— 

7.52x10-4 

A-1.95/D.49 

0.422 

... 

A-1.74A).75 

— 

2.51x10-5 
and  5.02x10-5 

A-1.11/1.66 

0.146 

— 

A-0.83/1.93 

0.357 

... 

A.054/2.16 

0.192 

0.015 

A-0A4/2.16 

0.260 

— 

A-0.54/2.16 

0.366 

— 

A-0.54/2.16 

0.575 

— 
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For  the  circles,  the  pips  rotate  clockwise  from  straight  up  from  top  to 
bottom  of  the  columm.  For  the  triangles,  the  pips  rotate  clockwise  from 
straight  up  with  decreasing  shear  rate  except  for  k  =  7.52x10"*,  for  which 
no  pip  is  used.  The  insert  gives  3k/Xc  versus  Tk/Xc  for  the  solutions 
identified  above. 

FIG.  23  The  reduced  steady-state  viscosity  tik/tio  and  recoverable  compliance  80 
Rj^(S)/Ro(S)  versus  the  reduced  shear  rate  tcic  for  two  of  the  solutions  of 
mixtures  of  PBT  and  nylon.  The  upper  and  lower  data  sets  in  each  panel 
are  for  A-1.54/0  and  A-1.43/0.96,  respectively.  The  former  are  at  301  K 
and  the  latter  are  at  301, 313, 328  or  335  K  as  the  pips  rotate  clockwise 
from  up.  The  curves  are  calculated  as  described  in  the  text.  Values  of  iik, 
and  tc  are  given  in  Table  5. 

FIG.  24  The  reduced  steady-state  viscosity  t1k/t1o  aod  recoverable  compliance  81 
Rfct^/Ro^S)  versus  the  reduced  shear  rate  tcicfor  solutions  of  mixtures  of 
PBT  and  nylon  listed  in  Table  5.  The  data  are  grouped  in  each  panel  as  in 
Fig.  23  (e.g.,  C-2.54/F  samples  at  the  top).  The  data  cover  a  span  of 
temperature,  as  discussed  in  the  text;  temperature  are  not  indicated  in  the 
interests  of  clarity.  Values  of  tik,  '^c  are  given  in  Table  5. 

FIG.  25  The  reduced  steady-state  viscosity  tIk/xIo  arid  recoverable  compliance  82 
Rfc;(S)/R<,{S)  versus  the  reduced  shear  rate  tc’^  for  solutions  of  P^  listed  in 
Table  6,  with  pips  rotating  clockwise  with  inaeasing  concentration. 

Values  of  tik,  and  tc  are  given  in  Table  5.  The  curves  are  calculated 
with  Eqns  13  and  14,  using  the  expTerimental  data  on  the  distribution  of 
relaxi.tion  times. 

FIG.  26  The  reduced  steady-state  viscosity  tIk/tIo  and  recoverable  compliance  83 
Rk(S)/R<,(S)  versus  the  reduced  shear  rate  tcX  for  solutions  of  PabBO  listed 
in  Table  6,  with  pips  rotating  clockwise  with  increasing  concentration.' 

Values  of  tIk,  Rq^^^  and  Xc  are  given  in  Table  5.  The  curves  are  calculated 
with  Eqns  13  and  14,  using  the  exp>erimental  data  on  the  distribution  of 
relaxation  times. 

FIG.  27  The  reduced  steady-state  viscosity  qic/rio  and  recoverable  compliance  84 
Rk^^VRo^^^  versus  the  reduced  shear  rate  XcK  for  solutions  of  mixtures  of 
PBO  and  PabBO  listed  in  Table  6,  with  pips  rotating  clockwise  with 
increasing  concentration.  Values  of  tik/  Ro^^^  and  Xc  are  given  in  Table  5. 

The  curves  are  calculated  with  Eqns  13  and  14,  using  the  exp>erimental 
data  on  the  distribution  of  relaxation  times. 
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FIG.  28  The  flow  birefringence  function  AniaRo^S)  versus  the  reduced  shear  rate  85 
icK  at  301K  for  blends  PBT  and  nylon  in  series  A  (filled  circles)  and  series 
C  (unfilled  circles).  For  the  former,  the  pips  rotate  clockwise  from  up  for 
Al.95/0.49,  A-1.10/1.10,  A-1.11/1.66,  A-0.83/1.93,  and  A-0.54/2.16.  For 
the  latter  the  pips  rotate  clockwise  from  up  for  C-1.29/0,  C-1.29/0.45,  C- 
1.28/0.68,  C-1.27/0.90,  C-1.27/1.12  and  C-1.30/1.58.  The  straight  line  has 
slope  2  expected  for  small  XcK. 

FIG.  29  TheratioTi/TiRof  the  viscosities  of  a  blend  of  PBT  and  nylon  and  a  86 

solution  of  PBT  with  the  same  concentration  of  rodlike  chains,  but  no 
nylon-66,  as  a  function  of  the  nylon-66  volume  fraction  in  the  blend  for  a 
series  C-1.28/F  samples.  The  solid  and  dashed  curves  represent  the  use 
of  Eqn.  3  along  with  Eqns.  4  or  5  respectively,  as  discussed  in  the  text. 

FIG.  30  Theratioq/TlRof  the  viscosities  of  a  blend  of  PBO  and  PabBO  and  a  87 

solution  of  PBO  with  the  same  concentration  of  rodlike  chains,  but  no 
PabBO,  as  a  function  of  the  PabBO  concentration  in  the  blend  for 
solutiorts  with  <Pr  of  0.0198  (triangles)  and  0.0310  (squares)  The  solid  and 
dashed  curves  represent  calculations  of  the  contribution  due  only  to  the 
PBO,  and  the  dashed  line  includes  contributions  from  both  components, 
as  discussed  in  the  text. 
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PHYSICAL-CHEMICAL  STUDIES 
ON 

RODLIKE  POLYMER  COMPOSITIONS 


The  following  is  a  final  report  for  work  of  AFOSR-89-0125,  covering  the  period  January 
1988  through  July  1992.  The  work  is  structured  into  three  parts:  Part  1  on  nonlinear  optical 
properties  of  nematic  solutions  of  PBT,  Part  2  on  the  refractive  indices  of  nematic  solutions  of 
PBT,  and  Part  3  on  the  rheological  properties  of  blends  of  PBT  and  nylon-66,  or  PBO  and 
PabBO,  where  PBT  is  rraar-poly(l,4-phenylene-2,6-benzobisthiazole),  PBO  is  d j-poly( 1 ,4- 
phenylene-2,6-benzobisoxa2ole),  PabBO  is  poly{2,5-benzoxazole),  and  nylon-66  is 
poly(hexamethylene  adipamide).  An  appendix  is  provided  with  summaries  of  the  personnel 
and  the  publications  from  the  work  described. 
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FART  1:  NONLINEAR  OPTICAL  PROPERTIES  OF  PBT  IN  NEMATIC 
SOLUTIONS . 


H.  Mattoussi,  G.  C.  Berry,  and  G,  D.  Patterson 
ABSTRACT 

Third-order  nonlinear  optical  properties  of  lyotropic  liquid  crystal  poly(l,4-phenylene-2,6- 
benzobisthiazole),  PBT,  solutions  are  studied  by  third  harmonic  generation  measurements. 
Besides  the  enhancement  observed  for  this  coefficient  with  respect  to  the  pure  PBT,  coupling 
is  observed  between  the  mean  field  nematic  director  n  and  the  incident  fundamental 
polarization  Eq.  Different  geometries,  with  respect  to  the  relative  orientation  of  Eq  and  n, 
provided  different  harmonic  Maker  Fringe  Patterns.  These  data  are  compared  using 
refractive  index  measurements,  independently  achieved  on  these  materials,  and  necessary  for 
Maker  Fringe  analysis. 

INTRODUCTION 

Nonlinear  optical  properties  of  organic  materials  have  been  of  intense  interest  for  the  past 
decade  and  more,  e.g.,  see  references  [1-6].  Applications  are  understood  for  materials 
exhibiting  both  second  and  third  order  nonlinear  optical  susceptibilities  and  x^3), 
respectively  ,  In  the  dipole  approximation,  these  functions  appear  in  an  expansion  of  the 
macroscopic  polarization  P(o))  of  a  material  under  the  influence  of  light  propagating  with 
frequency  O)  with  applied  field  E  (e.g.,  see  the  references  cited  above): 

p(0))  =  Eo  E(t0i)E(0)2)...E(a)n)  (la) 

n=l 

Pi((o)  =  eo[x|j^^Ej-»-xJk^EjEk-*-x[/,iEjEkEi  +  ...)  (lb) 

where  the  sum  of  the  frequencies  in  the  brackets  vanishes  (e.g.,  for  n=3,  to  =  toi  +  0)2  +  0)3, 
etc.),  e.g.,  see  reference  [731:  the  component  notation  in  Eqn.  (lb),  in  which  the  dependence 
on  frequency  is  suppressed  for  convenience,  will  be  discussed  below.  The  sign  attached  to  a 
frequency  is  positive  or  negative  as  the  photon  is  absorbed  or  emitted,  respectively.  The 
dipole  approximation  is  valid  when  the  polarization  at  a  site  is  not  strongly  coupled  to  the 
electromagnetic  fields  acting  at  distant  sites.  The  approximation  may  have  to  be  with 
materials  exhibiting  delocalized  charges,  in  which  case  a  more  complex  representation 
involving  the  wave  vectors  k  of  each  interacting  electromagnetic  wave,  but  is  assumed  valid 
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here  unless  otherwise  noted.  The  susceptibilities  <i)i,0)2,...,Wn)  macroscopic 

properties.  Their  relation  to  molecular  characteristics  is  discussed  below.  Since  realization 
of  a  nonzero  o)i,(02)  requires  a  nonccntrosymmetric  structure,  it  will  not  be 

considered  here  as  the  materials  proposed  for  study  inherently  exhibit  centrosymmetry.  It 
should  be  realized  that  the  susceptibility  depends  not  only  on  the 

frequencies  appearing  in  its  argument,  but  also  on  all  intermediate  linear  combinations  of 
those  frequencies  that  appear  in  a  sum  to  co,  e.g.,  ®i  +  ci>2.  ®i  +  ®n..  etc.  Thus,  the  optical 
characteristics  of  the  material  at  each  of  these  intermediate  frequencies  is  important.  Given 
an  orthonormal  basis  Cj,  the  components  of  x^^^  may  be  expressed  in  the  form 

=  ei.x(3)ejekei  (2) 

For  reasons  of  symmetry,  the  tensor  for  x^^H'3®;  is  invariant  with  respect  to 

permutation  of  its  last  three  indices. 

The  macroscopic  third-order  susceptibility  tensor  x^3)(-a);  o)i, 032.0)3)  may  be  related  to  the 
molecular  cubic  hyperpolarizability  7(-0);  0)i,o)2,®3)  by  the  expression 

X<3)(-o);  0)1, 02.0)3)  =  f(o)f(oi)f(o)2)f(o)3)N'ir(-o;  0)i,o>2,a)3)  (3) 

where  the  f( )  are  local  field  factors  and  N  is  the  number  of  molecules  per  unit  volume.  An 
eventual  goal  is  to  be  able  to  reliably  estimate. tK-o;  01,0)2,0)3)  from  information  on  the 
molecular  structure,  and  to  be  able  to  maximize  the  desired  response  by  manipulation  of  the 
latter.  Although  formal  expressions  are  available  for  7('0;  01,0)2,03),  theoretical 
developments  are  far  less  developed  than  for  the  corresponding  quadratic  hyperpolarizability 
(3(-o;  01,0)2)  (7-9j 

The  third-order  susceptibility  may  be  studied  by  two  principal  methods,  third  harmonic 
generation  and  degenerate  four  wave  mixing.  These  provide  the  susceptibility  tensors  X^^H- 
3o;  0,0,0)  andx^3)(.o3;  0,-0, o),  respectively.  The  quantity  x^3)(.o);  o),-o,o)  has  been 
studied  for  films  of  PBT  (no  solvent)  [lOJ,  and  X^^H*3o;  0,0,0)  has  been  studied  for  a 
aligned  nematic  solutions  of  PBT  in  methane  sulfonic  acid  [11],  and  isotropic  films  of  PB 1 
in  a  polymeric  matrix  [12],  Since  only  the  function  X^^H-o;  o,-o,o)  is  studied  here,  the 
notation  will  be  simplified  in  the  following  to  denote  X^^H-3o;  0,0,0)  simply  as  x^3).  The 
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bold-face  notation  indicates  a  tensor.  For  an  isotropic  material,  the  spatial  average  gives  ihe 
corresponding  psuedo-scalar 

The  molecular  structures  of  polyll,4-phenylene-2,6-benzobisthiazoIe],  PBT,  and  poly[l,4- 
phenylene-2,6-benzobisoxazole],  PBO,  have  suggested  that  they  might  exhibit  substantial 
nonlinear  optical  behavior  related  to  a  third-order  nonlinear  susceptibility  [10-13],  Further, 
the  ability  to  form  fully  aligned  nematic  solutions  of  PBT,  PBO,  and  related  materials  [14] 
(see  below)  affords  the  possibility  that  careful  study  of  these  might  provide  insight  to  the 
molecular  characteristics  related  to  enhanced  y.  Studies  on  well  aligned  nematic  solutions 
will  allow  elucidation  of  the  components  of  the  third-order  susceptibility  tensor  for 
comparison  with  molecular  structure. 

EXPERIMENTAL 

As  noted  above,  the  nonlinear  optical  (NLO)  properties  of  PBT,  have  been  studied  in  the 
solid  state  (thin  films)  [10,12,15].  This  rodlike  polymer  forms  a  nematic  phase  v'hen 
dissolved  in  suitable  solvents  and  at  appropriate  concentrations  [11,14].  Measurements  of 
the  third-order  susceptibility  have  been  carried  out  in  our  laboratory  on  PBT  in  nematic  and 
isotropic  solutions  using  a  third  harmonic  generation  (THG)  technique  [11].  The  PBT  (Mw  = 
34,000)  was  provided  by  SRI  International.  Solutions  of  the  rodlike  PBT,  were  prepared  in 
methane  sulfonic  acid  (MSA).  Dissolution  is  accompanied  by  protonation  of  the  solute 
macromolecules  [16].  Nematic  solutions  are  formed  for  volume  fraction  tp  above  a  critical 
value  (p*  [2],  where  (p*  »  0.03  for  the  PBT  used.  The  alignment  procedure  is  described 
elsewhere  [14,17].  It  consists  of  a  surface  alignment  preparation  using  a  suitable  flow  in  a 
rectangular  channel,  followed  by  exposure  to  an  external  magnetic  field  (5  to  7  Tesla)  to 
speed  the  bulk  alignment.  With  suitable  surface  alignment,  the  bulk  alignment  is  stabilized 
for  an  indefinite  duration.  Flat  cells,  provided  by  Hellma  Cells  Inc.  with  parallel  walls  (1/4 
surface  flatness)  were  used;  350  mm  sample  thickness. 

The  Maker  Fringe  Pattern  (MFP)  [1,2,18,19]  generated  with  light  at  wavelength  514  nm  on 
rotation  of  a  plane  sample  in  an  incident  beam  with  wavelength  1542  nm  was  used  to 
evaluate  the  third-order  susceptibility.  The  THG  apparatus  [11]  utilized  a  Raman  Cell  filled 
with  methane  gas  to  provide  a  fundamental  intensity  at  wavelength  X  =  1542  nm  when 
pumped  at  X  =  1064  nm  by  a  pulsed  Nd:YAG  laser,  generating  a  third  harmonic  signal  l3(o  at 
X  =  514  nm.  The  incident  beam  is  split  into  two  beams,  directed  to  the  sample  and  the 
reference.  A  weakly  focused  beam  generated  a  sufficiently  intense  signal  for  accurate 
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detection.  The  reference  (Fused  silica)  accounts  for  fluctuations  in  the  incident  intensity. 
The  reduced  intensity  is  given  by 


m)  = 


IBcoCOIref" 


(4) 


where  SAMP  and  REF  stand  for  the  sample  and  reference,  respectively,  and  d  is  the 
incidence  angle.  Since  the  signal  was  nil  for  X  in  the  range  540  to  700  nm,  any  fluorescence 
contribution  to  l3o)(0)  was  negligible.  The  Maker  fringe  pattern  exhibits  symmetry  about  the 
position  with  the  angle  0  between  the  normal  to  the  plane  and  the  incident  beam  equal  to 
zero  [11,18]  A  general  expression  for  R(0)  for  an  isotropic  material  gives  [1,2,18,19]: 


R(0)  -  Kr|^  [Q(0)W(0)]ref  J 


where  Ix^^p^pl  is  the  modulus  of  the  effective  component  of  c.g.,  sec  Eqn.  (2),  Q(d)  is  a 

weakly  decreasing  function  of  increasing  angle,  related  in  part  to  Fresnel  factors  (Q(0)  is 
unity),  n  is  the  refractive  index  at  the  indicated  frequency,  Kr  is  the  ratio  of  the  incident 
beam  directed  to  the  sample  to  that  directed  to  the  reference,  and  2\;t(i&)/TT  is  equal  to  the 
ratio 

L  /Lc{Q)  of  the  physical  thickness  L  to  the  coherence  length  Lc,  with  [1,2,18,19] 


Lc(i})  =  X/6ln3ajcos(fr’3o))'no,cos(d't))l  (7a) 

1<(P)  =  X/61n3(flrn(al  (7  b) 


Here,  the  the  propagation  angles  O'  of  the  rays  in  the  sample  are  related  to  0  through  Snell's 
law.  using  the  appropriate  refractive  index,  sec  below.  The  dependence  on  0  produces  the 
Maker  fringe  pattern.  In  practice,  the  parameter  Kr  is  evaluated  by  determination  of 
Rstd(O)  for  the  response  to  a  standard  with  known  n3o>,  n^o,  and  thickness  L.  A  BK7 

plate  was  used  as  the  standard  in  the  cited  study.  It  should  be  noted  that  R(0)  may  take  on 
any  value  from  zc.  o  to  its  value  Rmax  for  ¥=0,  as  v(0)  is  not  usually  zero  at  0=0. 
However,  sintjT  may  be  taken  as  unity  for  the  successive  maxima  in  the  fri..gc  pattern, 
providing  on  method  to  estimate  of  IXEF^I/ln3(o2  -  ny^l  from  data  on  R(0). 
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For  an  anisotropic  material,  the  parameter  Ix^^l  becomes  the  modulus  of  an  appropriate 

component  of  the  tensor  depending  on  the  polarization  of  the  light  and  the  orientation  of 

the  director,  see  below. 

RESULTS 

A  typical  Maker  fringe  pattern  obtained  with  isotropic  solutions  of  PBT  is  given  in  Fig  1 , 
showing  the  fringe  pattern  for  a  200  fJm  thick  sample  of  an  isotropic  solution  of  PBT  in 
methane  sulfonic  acid,  with  0.02  weight  fraction  w  polymer.  The  fringe  pattern  is 
symmetric,  as  expected,  but  does  not  appear  to  go  to  zero  at  the  successive  minima.  The 
weak  dependence  of  Q('O)  on  -0  is  evident  in  the  slow  variation  of  the  successive  maxima 
with  d.  The  fringe  pattern  for  a  fused  silica  sample  (1000  ;;m  thick)  is  shown  for 
comparison.  The  very  much  stronger  signal  exhibited  by  the  PBT  solution  reveals  a  larger 
IX£ppl/wln3o}2  -  no)2|  for  that  material  in  comparison  to  the  fused  silica  (w  is  50-fold  larger  for 

the  latter  than  for  the  PBT  sample).  The  strong  signal  from  the  PBT  solution  permits  neglect 
of  contributions  from  the  pyrex  cell  walls  by  comparison.  It  is  not  possible  to  determine 
from  these  data  without  estimates  of  and  n(ot  Measurements  of  the  latter  are 

discussed  below. 

As  seen  in  the  preceding,  the  refractive  indices  of  the  anisotropic  nematic  fluid,  and  their 
wavelength  dispersions,  are  very  important  parameters  in  the  study  of  THG.  They  are  also 
important  to  the  evaluation  of  the  order  parameter  S  of  the  nematic  fluid.  Aligned  nematic 
sr'lutions  of  PBT  exhibit  appreciable  birefringence  and  dichroism  [13,14,17].  Thus,  the 
birefingence  An  may  be  evaluated  as  the  difference  ne-n©  of  the  extraordinary  and  ordinary 
refractive  indices  ne  and  no,  respectively.  In  terms  of  the  volume  fraction  qj  of  the  polymer, 
and  the  order  parameter  8(9), 

An  =  (An)o(pS((p)  (8) 

where  (An)©  is  the  value  of  An  for  <p  and  S  both  equal  to  unity;  of  course,  8(9)  is  zero  for  9  < 
9f<i,  where  9^1  is  the  concentration  required  to  form  the  nematic  phase  Two  related  methods 
to  determine  n*  and  no  were  used  in  reference  (17j  to  determine  tv  and  n©  over  a  range  of  9  > 
9ni  and  wavelength  k.  As  these  methods  are  discussed  in  detail  in  reference  [17],  they  will 
not  be  elaborated  here  (but  see  Facilities).  Suffice  it  to  say  that  the  apparatus  and  sample 
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cells  used  for  the  THG  measurement  may  also  be  used  to  determine  the  refractive  indices  and 
their  dependence  on  X,.  Data  have  been  obtained  over  the  range  of  wavelengths  from  5 14  to 
1907  nra,  and  for  concentrations  from  l.ltpm  to  2<pN,.  When  cast  in  the  familiar  form 


(n^-  1)  ^ 

(n2  +  2)  Xm-2-X-2 


(9) 


the  data  on  the  solution  used  in  these  studies  gave  Xm  equal  to  250  and  200  nm  for  n^  and  no, 
respectively,  and  K  equal  to  0.27  in  both  cases.  Moreover,  over  the  concentration  range 
studied,  the  birefringence 
An  =  ne  -  no  at  X  =  633  nm  was  fitted  by  [17] 


An  =  1.46(<p- 0.0020);  <p>l.l(pNi  (10) 

As  discussed  in  reference  [17],  one  major  surprise  was  the  observation  that  8(9)  appears  to 
be  independent  of  9,  and  about  equal  to  0.94  over  the  concentration  range  from  I.I9N1  to 
2.29ni.  This  is  not  the  behavior  expected,  for  example,  in  the  theory  due  to  Flory  [20],  or  that 
due  to  Onsager  [21].  The  observed  behavior  of  the  nematic  PBT  solutions  may  be  due  to  the 
alignment  of  these  solutions  in  a  strong  magnetic  field,  and  the  constraints  imposed  by  the 
surfaces. 


The  MFP's  obtained  with  an  isotropic  PBT  solution  displayed  the  anticipated  form,  with 
symmetric  oscillations  with  (essentially)  zero  intensity  at  the  minima.  In  the  concentration 
range  of  interest,  the  third  harmonic  (THG)  signal  from  the  PBT  solute  dominates  that  from 
the  solvent  and  the  cell.  No  depolarized  signal  could  be  measured  for  the  isotropic  solution. 
Making  use  of  the  refractive  index  data  discussed  in  the  preceding,  the  measured  R(i5)  gave 
IXj5^I/9  •»  12  10‘12  (e.s.u.).  By  comparison,  values  of  reported  for  PBT  of 

1  10'^2  (e.s.u.)  from  studies  of  x(3)(.o);  o),-<o,©)  on  a  thin  film  [10]  to  12  10'*2  (e.s.u.) 

from  studies  of  <0,03, w)  on  a  thin  films  of  PBT  mixed  with  nylon  [12]. 

With  nematic  solutions,  the  response  R(i3)  depends  on  the  polarizations  of  the  incident  light 
an  the  detected  THG  signal,  and  the  orientation  of  these  relative  to  the  sample  director  (the 
preferred  optical  axis).  Several  geometric  arrangements  are  of  interest,  depending  on  the 
relative  orientations  of  the  polarizations  of  the  incident  and  THG  fields,  Eq  and  E3C0. 
respectively,  and  the  director  n  of  the  monodomain  with  respect  to  the  axis  of  rotation;  the 
latter  was  always  vertical  in  the  arrangements  used.  The  large  birefringence  of  the  PBT 
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moncxiomain  complicates  the  analysis  is  some  cases,  as  a  relevant  refractive  index  varies 
with  q  for  certain  arrangements,  see  below.  In  the  following,  the  notation  gives  the 
orientations  of  these  fields  in  the  order  E3a,:n:Eo,  e.g.,  V-H-H  signifies  an  arrangement  with 
E30)  vertical  (parallel  to  the  rotation  axis)  and  both  Eq  and  n  horizontal.  As  may  be  seen  in 
the  preceding,  it  is  necessary  to  know  n3a  and  no,  to  determine  from  R(d). 

The  MFP  for  Rvhv(i^)  and  Rhvh(^)  were  equivalent  (except  for  small  difference  in 
amplitude  due  to  the  Fresnel  factors),  as  expected  since  all  rays  propagate  with  refractive 
index  no.  The  depolarized  signals  (e.g.,  RhhvC^)  and  Rvvh(i^))  were  both  nil.  The  analysis 
using  the  measured  refractive  indices  gave  IZvhv*^*?  ~  (e.s.u.),  which 

is  smaller  than  ^  expected  if  the  components  to  along  the  chain  axis  exceed 

those  orthogonal  to  that  axis.  In  component  notation,  IXvhv'  '^hvh*  correspond  to 
IX^^I,  with  the  x  and  z  cartesian  coordinates  along  the  director  and  orthogonal  to  the  sample 
plane,  respectively. 

An  example  of  the  MFP's  for  Rvw(i^)  for  an  aligned  nematic  solution  of  PBT  is  shown  in 
Fig.  2.  The  magnitude  of  the  THG  signal  is  noteworthy,  as  is  the  marked  deviation  of  the 
minima  from  zero.  The  locus  of  the  minima  forms  a  smooth  curve  with  a  shallow  maximum 
at  0=0.  An  analogous  experiment  to  that  for  Rvw(i^)  was  carried  out  with  the  interference 
filter  usually  used  to  isolate  the  line  at  3(o  (i.e.,  X  =  514  nm)  replaced  by  an  interference  filter 
to  isolate  light  at  546  nm  wavelength.  The  absence  of  any  signal  at  the  latter  wavelength 
shows  that  simple  fluorescence  does  not  contribute  to  Rvvv(0)  for  the  materials  studied. 
Similar  behavior  was  observed  for  Rhhh(^).  except  that  the  number  of  fringes  was  different, 
reflecting  the  different  refractive  indices  in  LefO).  The  signal  Rvxv(0)  could  be  maximized 
by  setting  the  analyzer  at  about  40®  to  the  vertical  (i.c.,  X  neither  V  nor  H),  showing  that  the 
THG  response  exhibits  a  complex  polarization  of  the  THG  behavior.  The  analysis  proceeds 
using  only  ne  at  3ci)  and  Q)  for  Rvvv(^),  but  is  more  complicated  for  RhhhC^).  involving  both 
ne  and  no;  the  difference  in  the  fringe  periodicity  reflects  this  difference.  Analysis  gives 
'Xvvv’^^  (e.s.u.),  appreciably  larger  than  as  expected.  In  the  cartesian 

coordinates  specified  above,  IXyvv*  correspond  to 

As  shown  in  Fig  3,  for  Rhvv(i&),  the  (no)3(o  and  (neXo  are  very  close,  leading  to  fringes  so 
widely  spaced  that  only  the  central  region  is  observed.  For  Rvhh(^).  Oca  varies  from  n©  for 
zero  fr,  to  ne  for  large  d,  greatly  complicating  analysis  of  the  MFP,  and  leading  to  enhanced 
Rvhh(1^)  at  large  As  expected,  R(0)  is  identical  for  the  two  cases.  The  results  gave 
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*  0.2  10-12  (e.s.u.),  which  is  comparable  to  the  small  value  found  for  IXhvh*^^- 

the  cartesian  coordinates  specified  above,  'Xhvv*  '^^vhh'  correspond  to 

The  MFP's  for  Rvvh(^)  Rhhv(0)  were  both  found  to  have  negligible  intensity,  showing 
that  both  IX^vvi  and  IXhhv’  comparison  with  the  susceptibilities  given 

above.  In  the  cartesian  coordinates  specified  above,  lx\S((3)4tw)l  and  1xNS((3),vhh)I  both 
correspond  to  \x^U. 

DISCUSSION 

Summarizing  the  results,  in  component  notation,  lx\S((3),xxxx)l » lx^S((3)o7yy)l  > 

^  *^x*xx*  largest  component  of  x^^-  Thus,  the  maximum 

component  to  7  appears  to  be  slightly  off  the  molecular  axis,  see  below. 

Owing  to  the  depolarized  character  of  the  THG  response,  the  numerical  values  reported  may 
be  suspect,  e.g.,  the  appropriate  value  of  n3aj  may  not  be  specified  by  the  polarization  of  the 
detected  beam,  as  was  assumed  in  the  preceding.  In  work  in  progress,  a  fully  aligned,  defect- 
free  monodomain  of  the  same  solution  has  been  prepared  in  a  wedge  -shaped  cell.  Future 
work  using  this  cell  will  avoid  the  variation  of  the  refractive  indices  with  conditions  (e.g.,  t} 
in  the  preceding)  as  the  MFP  is  obtained.  With  the  latter  cell,  the  ratio  analogous  to  R(^) 
may  expressed  in  the  form 

Rfnl  .  ('CQ(q)W(q)lsAMpf 

R(q)  -  KRj^  J  (11 

where  the  physical  thickness  L(q)  is  a  function  of  the  translational  position  q  along  an  axis 
perpendicular  to  the  incident  light  beam,  and  in  the  plane  of  incidence,  and  W'(q)  is  given  by 
[22] 


Ixilll 


with  C[T|,  tj/(q)]  given  by 


C2[ii,v(ql]  = 


exp(-T|2)^sin2[\|f(q)]  + 


(12) 


(13) 
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where  2y(q)/tc  is  given  by  L(q)/Lc(0),  with  Lc(0)  given  by  Eqn,  (7),  and  the  (variable) 
physical  thickness  L(q)  given  by 

Uq)  =  Uqref)  +  (q  -  qref)tan  a 

with  a  the  wedge  angle  and  qref  an  arbitrary  reference  position,  and 

Ttdo  tan  a 
^  "  4Lc(0) 


(14) 


(15) 


with  do  the  beam  waist  parameter.  For  Ti«l,  as  would  normally  apply,  C[T1,  V(q)l  " 
sin[\jr(q)].  Thus,  in  this  experiment,  R(q)  oscillates  with  q  to  give  fringes  of  equal  amplitude, 
with  a  period  independent  of  q  (or  T)).  The  separation  Aq  between  extrema  is  equal  to 
2Lc(0)/tan  a,  providing  an  estimate  of  Lc(0)-  "nic  latter  may  be  used  to  evaluate  the 
important  factor  In3{a^  -  no)2|  as  (nsa  +  n(o)X(o/6Lc(0),  given  reasonable  estimates  of  n3oj  and 

The  strongly  depolarized  THG  response  obtained  with  the  aligned  nematic  solution  of  the 
rodlike  PBT  is  surprising.  It  requires  that  an  electronic  transition  involved  in  the  NLO 
response  of  the  solvated  PBT  is  at  an  appreciable  angle  to  the  chain  axis.  This  is  distinctly 
different  from  the  result  of  calculations  on  conjugated  cis  and  trans  polyenes,  for  which  it  is 
predicted  that  the  principal  component  to  y  will  have  all  electromagnetic  fields  polarized 
along  the  molecular  axis  [23].  The  structures  of  the  PBX  chains  (i.e.,  PBT  and  PBO)  may  be 
represented  as 


cis  PBX 


trans  PBX 


PBX  Structures 
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where  -X-  is  -S-  (PBT)  or  -O-  (PBO);  the  upper  and  lower  struchires  correspond  to 
the  so-called  cis  and  trans  structures,  respectively.  The  studies  described  above 
utilized  trfl«s-PBT.  Thus,  a  possible  candidate  for  a  vector  associated  with  an 
electronic  transition  off  axis  to  the  rodlike  molecular  axis  is  the  vector  along  the 
sulfur-sulfur  atoms  in  the  repeating  unit  of  the  chain.  This  possibility  opens  the 
question  of  whether  y  for  frans-PBT  is  influenced  by  the  polymeric  rodlike  character 
of  the  molecule,  or  whether  y  would  be  essentially  the  same  for  a  short  oligomeric 
trans-PBT  as  for  a  long-chain  molecule,  perhaps  even  a  model  of  the  repeat  unit  (i.e., 
the  repeat  unit  terminated  by  protons).  More  generally,  the  objective  is  to  determine 
what  molecular  characteristics  are  related  to  y.  Contributions  to  y  have  several 
origins.felectronic,  vibrational  and  dipolar).  As  is  well-known  [8,24],  for  a 
conjugated  chain,  electron  delocalization  may  be  treated  in  perturbation  to  give  a 
linear  polarizability ««  x^,  and  cubic  hyperpolarizability  Yxxxx  ~  x*",  where  x  is  the 
conjugated  chain  length,  and  m  is  predicted  to  be  in  the  range  5  to  7.  The 
wavelength  Xmax  of  the  extinction  associated  with  the  conjugated  length  also 
depends  on  x,  with  Xmax  x.  Thus,  this  model  gives  yxxxx  “=  Xmax^*  An  analysis  of 
data  on  several  conjugated  chains  gave  Yxxxx  Xma)^/  hut  m  was  found  to  be  close 
to  9.4,  far  greater  than  the  anticipated  exponent  [25].  In  either  case,  it  seems  that 
Yxxxx  will  be  very  sensitive  to  a  conjugation  length  x,  but  that  accurate  prediction  of 
X  and  of  the  dependence  of  yxxxx  on  x  will  be  difficult. 

In  the  preceding,  it  has  implicitly  been  assumed  that  the  absorption  bands  do  not  lie 
close  to  any  of  the  frequencies  co,  2a)  or  So).  If  that  assumption  is  not  valid,  then 
becomes  complex,  with  resultant  resonance  enhancement  to  the  modulus.  For 
example,  in  the  simplest  case  of  a  three-level  approximation  for  a  material  with 
resonances  at  GJi,  02  <  CJi,  and  O3  <  O2,  the  dominant  terms  in  the  real  and 
imaginary  components  of  7(-3co,  o),o),a>)  as  three-photon  resonance  is  approached 
may  be  expressed  as  [8] 


Re  7<-3co,  o),a),o))  « 


_ Ol.3ci) _ 

[(Oi  -  3a))2  +  n2][cjj .  (o][cj2 . 20)] 


Im  7(-3o),  ©.ca.a))  o' 


_ n _ 

((Oi .  3a))2  +  n2j[Oi .  Ci)][02 . 2co] 


(16a) 

(I6b) 


where  W  is  the  absorption  band  line  width.  As  may  be  seen,  the  modulus  of  y(-3o), 
to,CD,o))  will  be  enhanced  if  the  material  exhibits  three-photon  resonance  with  Oi=3co, 


11 


or  resonance  with  ©1=0),  etc.  This  effect  will  diminish  as  the  line  widths  broaden, 
but  has  been  implicated  18^6]  in  enhanced  I  I  determined  [27]  for  a  polymer  of 
polydiacetylene  in  comparison  with  the  monomeric  repeat  unit  model.  The 
concentration  dependence  of  I  Xg^  i  provides  one  means  to  evaluate  a  resonance 
contribution  to  I  x^  •  /  as  I  j^ff  I  /9  Is  expected  to  be  independent  of  9  in  the 
absence  of  resonance  effects  [26]. 

CONCLUSIONS 


The  third-order  nonlinear  optical  properties  of  lyotropic  liquid  crystal  poly(l,4-phenylene- 
2,6-benzobisthiazole),  PBT,  solutions  studied  by  third  harmonic  generation  measurements 
reveal  coupling  between  the  mean  field  nematic  director  n  and  the  incident  fundamental 
polarization  Eq.  Different  geometries,  with  respect  to  the  relative  orientation  of  E©  and  n, 
provided  different  hannonic  Maker  Fringe  Patterns,  with  the  largest  response  obtained  with 
Eq  and  n  at  about  thiry  degrees  to  each  other.  These  data  are  compared  using  refractive 
index  measurements,  independendy  achieved  on  these  materials,  and  necessary  for  Maker 
Fringe  analysis.  This  behavior  is  not  presently  understood  with  simple  models,  but  may 
imply  that  a  transition  within  a  single  repeat  unit  dominates  the  response. 
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Fig.  2  Maker  Fringe  Patterns  for  a  Nematic  solution  of  PBT,  with  parallel  polais  and  the 
incident  polarization  parallel  to  the  director  arrangement  V-V-V  (a)  and  H-H-H 
(b). 
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Fig.  3  Maker  Fringe  Patterns  for  a  Nematic  solution  of  PBT,  with  crossed  polars  and  the 
incident  polarization  parallel  to  the  director  arrangement  H-V-V  (a)  and  V-H-H 
(b). 
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PART  2:REFRACnVE  INDICES  DISPERSION  AND  ORDER  OF  LYOTROPIC 
LIQUID  CRYSTAL  POLYMERS 

H.  Mattoussi ,  M.  Srinivasarao  and  Guy  C.  Berry 

ABSTRACT 

Refractive  index  measureme  its  of  polymer  liquid  crystals  in  the  nematic  phase  are 
described.  The  techiuque  used,  applicable  for  any  birefringent  uniaxial  medium,  makes 
use  of  the  birefringence  to  generate  interference  between  the  extraordinary  and  ordinary 
waves  created  after  an  incident  plane  polarized  wave  enters  the  crystal,  li  e  procedures 
are  used  to  measure  the  ordii\ary  and  extraordmary  refractive  indices  n^  and  n^, 
respectively,  of  nematic  solutions  of  the  rodlike  poIy(p-phenylene  benzobisthiazole), 
PBT,  for  wavelengths  from  the  visible  to  near  infrared  radiations.  The  measured 
birefringence  is  high,  e.g.,  I  ng  -  lyj  I  varies  from  0.05  to  0.09  at  632.8  run  for  polymer 
concentrations  from  4x10“^  to  lOxlfr^  (g/cm^y  jhe  birefringence  is  highly  dispersive, 
and  the  dispersion  is  anisotropic:  ng  has  a  more  pronounced  dispersion  than  no-  The 
dispersion  of  the  refractive  indices  (and  consequently  the  birefringence)  are  correlated  to 
the  dichroism  of  these  ordered  media,  as  well  as  to  the  nonlinear  optic  properties 
subsequently  achieved  on  these  materials.  The  birefringence  and  its  dependence  on 
solute  concentrations  is  discussed,  with  implications  on  the  order  parameter  of  these 
nematic  solutions. 

INTRODUCTION 

The  optical  characterization  of  uniaxial,  and  nematic  liquid,  crystals  requires  the 
measurements  of  two  refractive  indices,  the  ordinary  no  and  extraordinary  ng,  defined, 
respectively,  for  plane  waves  traveling  in  the  medium  with  polarization  perpendicular 
or  parallel  to  the  optic  axis  of  the  system.  Conventional  thermotropic  low  molecular 
weight  (Imw),  and  polymeric  nematic  liquid  crystals  have,  in  general,  |X)sitive 
birefringence:  ng  -  no  >  0,  as  opposed,  for  example,  to  discotic  liquid  crystals,  [ref]  On 
one  hand,  measurements  of  the  birefringence  ng  -  ly^of  uniaxial  Imw  or  polymeric  liquid 
crystal  media  may  be  correlated  to  the  order  in  these  systems.  [1-4]  On  the  other  hand, 
accurate  measurements  of  the  refractive  indices  no/  ng,  nigo(isotropic),  and  their 
dispersion  are  used  to  analyze  harmoiuc  generation  signals,  and  the  coupling  between 
orientation  and  norUinear  optical  (NLO)  properties  of  such  media.  [5] 

Poly(p-phenylene  benzobisthiazole),  PBT,  is  known  to  be  rodlike.  [6-8]  Its  solutions 
exhibit  an  isotropic  to  nematic  transition  if  the  rod  concentration  exceeds  a  temperature 
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dependent  critical  value  c*.  This  value  is  directly  related  to  the  aspect  ratio  L/D  of  the 
chain,  where  L  and  D  designate  the  length  and  diameter  of  the  rod,  respectively.  [912] 
Such  media  are  known  to  have  a  moderate  to  high  order  parameter,  S  >  0.7  for  instance. 
[13-16] 

Because  of  its  conjugated  backbone,  the  nonlinear  optical  (NLO)  properties  of  PBT  are  of 
great  interest.  [17]  Studying  such  properties  in  the  nematic  phase  is  promising  because 
of  the  high  order  of  such  solutions.  As  dissolution  of  this  compound  in  strong  acids  is 
accompanied  by  protonation  of  the  chain,  [6-8,18]  the  NLO  properties  of  PBT  in  solution 
will  differ  from  those  of  the  undiluted  polymer.  Measurement  of  the  nonlinear  optical 
susceptibilities  =  2, 3),  using  a  common  technique,  optical  harmonic  generation, 
requires  accurate  knowledge  of  the  refractive  index  n  of  the  medium  and  its  dispersion  n 
=  n(to  or  X).  [19-21]  The  dispersion  must  be  known  over  a  wide  range  of  wavelengths, 
from  UV-Visible  to  near  infrared,  for  second  and  third  harmonic  generation  (SHG  and 
THG)  techniques. 

Here,  we  present  refractive  index  measurements  of  nematic  PBT  solutions  for  several 
wavelengths:  500  run  <  X  <  2000  nm.  Two  related  methods  have  been  used,  involving 
transmission  of  polarized  light:  (1)  Rotation  of  a  plane  parallel  sample,  and  (2) 
conoscopic  microscopy.  The  second  method  has  been  applied  only  for  visible 
wavelengths.  In  the  first  section,  aiudysis  of  the  methods  is  given,  followed  by  a 
description  of  the  experimental  arrangements.  Then  a  brief  description  of  the  materials, 
the  solutions,  and  the  nematic  monodomain  preparation  is  given.  In  the  last  section,  the 
discussion  involves  correlation  between  the  birefringence  and  the  order  parameter  in 
these  nematic  solutions,  the  dispersion  of  the  refractive  indices  and  its  relation  to  the 
dichroism  of  these  ordered  media,  and  also  some  implicatiorw  on  NLO  properties  of 
nematic  PBT  solutions. 

EXPERIMENTAL 

Theoretical  Background.  Use  of  the  medium  birefringence  to  generate  interference  of 
light  between  the  extraordinary  and  ordinary  waves  propagating  in  a  crystal  is  a  known 
procedure  for  optical  characterization  and  identification  of  uniaxial  materi.^ls.  A  plane 
light  wave  incident  on  a  umaxial  crystal  with  its  polarization  at  some  angle  to  the  optic 
axis  of  the  medium  may  be  decomposed  into  two  secondary  waves,  traveling  with 
speeds  v"  =  c/n"  (extraordinary)  and  v'  =  c/n'  (ordinary),  where  n"  and  n'  are  the 
extraordinary  and  ordinary  refractive  indices  for  the  waves  traveling  in  the  crystal,  and 
at  an  average  direction  eventually  different  from  the  principal  axis  of  the  medium,  c  is 
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PART  2:REFRACnVE  INDICES  DISPERSION  AND  ORDER  OF  LYOTROPIC 
LIQUID  CRYSTAL  POLYMERS 

H.  Mattoussi ,  M.  Srinivasarao  and  Guy  C.  Berry 

ABSTRACT 

Refractive  index  measurements  of  polymer  liquid  crystals  in  the  nematic  phase  are 
described.  The  technique  used,  applicable  for  any  birefringent  uniaxial  medium,  makes 
use  of  the  birefringence  to  generate  interference  between  the  extraordinary  and  ordinary 
waves  created  after  an  incident  plane  polarized  wave  enters  the  crystal.  The  procedures 
are  used  to  measure  the  ordinary  and  extraordinary  refractive  indices  no  and  ng, 
respectively,  of  nematic  solutions  of  the  rodlike  poly(p*phenylene  bertzobisthiazole), 
PBT,  for  wavelengths  from  the  visible  to  near  infrared  radiations.  The  measured 
birefringence  is  high,  e.g.,  I  ng  -  Aq  I  varies  from  0.05  to  0.09  at  632.8  run  for  polymer 
concentrations  from  4x10"^  to  10x10^  (g/cm^).  The  birefringence  is  highly  dispersive, 
and  the  dispersion  is  anisotropic;  ng  has  a  more  pronounced  dispersion  than  no-  The 
dispersion  of  the  refractive  indices  (and  consequently  the  birefringence)  are  correlated  to 
the  dichroism  of  these  ordered  media,  as  well  as  to  the  nonlinear  optic  properties 
subsequently  achieved  on  these  materials.  The  birefringence  and  its  dependence  on 
solute  concentrations  is  discussed,  with  implicatiorrs  on  the  order  parameter  of  these 
nematic  solutions. 

INTRODUCTION 

The  optical  characterization  of  uiuaxial,  and  nematic  liquid,  crystals  requires  the 
measurements  of  two  refractive  indices,  the  ordinary  and  extraordinary  ng,  defined, 
respectively,  for  plane  waves  traveling  in  the  medium  with  polarization  perpendicular 
or  parallel  to  the  optic  axis  of  the  system.  Conventional  thermotropic  low  molecular 
weight  (Imw),  and  polymeric  nematic  liquid  crystals  have,  in  general,  positive 
birefringence:  ng  -  Aq  >  0,  as  opposed,  for  example,  to  discotic  liquid  crystals.  On  one 
hand,  measurements  of  the  birefringence  ng  -  noof  uniaxial  Imw  or  polymeric  liquid 
crystal  media  may  be  correlated  to  the  order  in  these  systems.  [1-4]  On  the  other  hand, 
accurate  measurements  of  the  refractive  indices  riQ,  ng,  niso(isotropic),  and  their 
dispersion  are  used  to  arudyze  harmonic  generation  signals,  and  the  coupling  between 
orientation  and  nonlinear  optical  (NLO)  properties  of  such  media.  [5] 

Poly(p-phenyiene  benzobisthiazole),  PBT,  is  known  to  be  rodlike.  [6-8]  Its  solutions 
exhibit  an  isotropic  to  nematic  transition  if  the  rod  concentration  exceeds  a  temperature 
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the  speed  of  light  in  vacuum.  When  these  waves  recombine  and  interfere  at  the  exit  they 
have  a  light  path  difference  5  (since  n"  n‘).  [22-24]  A  polarizer  (P)  may  be  used  to 
define  the  incident  polarization  and  an  analyzer  (A)  to  select  the  outgoing  one,  with  an 
angle  y  between  P  and  A.  Let  <p  be  the  angle  between  the  optic  axis  and  the  polarizer 
(or  the  incident  polarization).  A  simple  case  used  in  the  two  methods  discussed  below 
has  the  optic  axis  n  in  the  plane  of  the  sample,  and  q)  =  n/4,  as  shown  in  Fig.  4a.  The 
transmitted  intensity  I  is  then  given  by  [22-24]: 

^  =  ^Max  { cos2  V  -  sin  2<p  sin  2((j)  -  y)  sin2  (rS/X)  }  ( 1 ) 

where  is  the  maximum  possible  transmission  (Ij^x  depends  on  the  transmission  and 
reflection  coefficients),  and  X  is  the  incident  wavelength.  [22-24]  The  oscillation  of  I  with 
S  is  enhanced  by  setting  y  =  n/2  and  <p  =  «/4  (or  -tc/4),  see  Fig.  4,  so  that: 

I  =  iMax  sin2(R6/X)  (2) 

Because  of  the  arusotropy  of  the  medium,  when  an  incident  light  beam  enters  the 
medium  with  an  incident  angle  d,  the  extraordinary  and  ordinary  waves  inside  the 
crystal  have  refraction  angles,  and  -Qq,  respectively.  Consequently,  the  waves  travel 
with  light  path  lengths,  d^'  and  do’.  For  the  conditioris  described  in  Fig.  4  (planar 
geometry),  the  optical  path  difference  5  is  given  by  [22-24]: 

5  =  dg’  (n"  -  n^ind  sind’g )  -  do'  (n’  -  r^sind  sinO'o)  (3) 


with 


d 


f 

E 


d 

COSO'e 


and  do’ 


d 

COSO'o 


(4) 


where  d  is  the  physical  thickness  of  the  sample,  n"g  is  the  glass  (cell  wall)  refractive 
index,  and  O'g  and  -do,  are  related  to  d  through  Snell's  law: 


n"  sind'g  =  n'  sind’o  =  nair  sind  (5) 

The  refractive  indices  n"  and  n’  are  angle  dependent,  and  functions  of  the  refractive 
indices  no  and  ng  along  the  principal  optical  directions  of  the  crystal,  see  below.  [22-24^ 
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The  birefringence  I  ng  -  no  I  is  always  small  compared  to  the  refractive  indices  no  and  n^ 
( 1  ng  -  no  I  «  no/ng).  This  allows  the  use  of  the  approximation  O'g  «  d'o  «  O'  in  Eqn.  3 
and  4,  and  permits  an  analytical  expression  for  n"  -  n'.  [22-24]  Thus,  for  small  I  ng  -  no  i 

dg'«do'  ”  d'  =  d/cosO'  (6) 


and 


5 


d  (n"E  ~ 
cosO’ 


sin^p 


(7) 


where,  using  Eqn.  5  for  the  angles  0  and  O': 

<ns)sinO'  =  iiairSinO  (8) 


with  p  is  angle  between  the  direction  of  propagation  of  the  light  beam  and  the  optic  axis 
n  (see  Fig.  4b,c).  The  angles  O'  and  P  may  be  related  trigonometrically.  [22-24]  For  the 
cases  with  rays  propagating  in  planes  perpendicular  or  parallel  to  n,  p  =  n/2  and  P  =  n/2 
-  O'  respectively  (see  below).  These  cases  correspond  to  the  configurations  for  which  n  is 
either  normal  to  or  within  the  plane  of  incidence,  respectively.  The  latter  is  defined  as 
the  plane  containing  the  light  beam  and  the  normal  to  the  sample  surface  (s  in  Fig.  5). 
The  refractive  index  (ns)  for  the  average  wave,  may  be  written  as  a  function  of  P  (hence 
O')  and  <p  to  give 


1 

<ns(9/P)>2 


sin2  P'\ 

ngZ  J 


(9) 


The  two  cases  introduced  above,  corresponding  to  P  =  n/2  (n  normal  to  the  plane  of 
incidence)  and  P  «  n/2  -  9’  (n  within  the  plane  of  incidence),  are  of  great  interest  and 
simplicity.  Together  with  the  conditions  for  the  angle  9  (+k/4  or  -n/A),  they  will  be 
refered  to  as:  geometry  1  for  p  ==  n/2  and  9  =  rc/4,  and  geometry  2  for  p  =  n/2  -  4'  and  9 
=  -n/A.  For  geometry  1  (n  normal  to  the  plane  of  incidence)  Eqn.  7  becomes 


d  (ng  -  np) 
cosd’ 


(10) 


where  is  given  by  Eqn.  8,  with 
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1 


(11) 


<ns>2  2 

The  extraordinary  and  ordinary  waves  travel  with  respective  refractive  indices  that  are 
independent  of  the  propagation  angle  ■&',  and  the  variation  in  5  reflects  that  of  d'(O') 
(Eqn.  6).  For  geometry  2  (n  parallel  to  the  plane  of  incidence),  Eqn.  7  becomes 

5  =  d  (oe  -  no)  cosd’  (12) 

where  d'  is  given  by  Eqn.  8,  with 


1  1 

f  1 

^cos^O'  sin2  0’\) 

<ns(0')>2  ■  2 

,  he^  no^  JJ 

(13) 


The  two  waves  travel  in  the  crystal  with  refractive  indices  dependent  on  O'.  The 
difference  between  the  refractive  indices  for  geometries  1  and  2  (Eqn.  11  and  13, 
respectively),  may  be  written  as 


(ns>^ 

<n8{0')>2 


1  + 


sin2  O' 


(14) 


Since  I  ns  -  no  |  «  n"E.O/  and  sin  O'  <  1,  (ns(O'))  is  always  close  to  (ns).  For  example,  the 
relative  difference  in  Eqn.  14  is  about  10%  for  a  birefringence  of  » 1.5,  and  at  an  angle 
O'  =  ji/2;  it  is  smaller  for  lower  angles.  The  corresponding  difference  for  the  refractive 
indices  I  <ns(0'))  -  <ns)|/<ns(0')>  is  about  5%. 


Two  additional  assumptior.s  lead  to  a  simple  analytical  approximation  for  5:  when  the 
inequalities  I  no  -  ue  I  «  nE,  no  hold,  (ns)  can  be  approximated  by  the  refractive  index  n 
of  the  equivalent  isotropic  medium,  defined  as: 


n  = 


2no 

3 


(15) 


This  approximation  is  reasonable  when  I  no  -  r%  I  is  small,  eg.,  for  geometry  1: 


(ns)^  „  .  3  InE-npl 

<ns(0'))2  5  Ho 


(16) 
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Thus,  <ns)  and  ft  are  dose,  even  for  a  fairly  large  birefringence.  For  example,  for  the 
conditions  described  above  for  (ng)  and  <n5(d’)>  ( I  ng  -  no  I  “  0.2)  and  the  corresponding 
difference  {(ng)  -  ft)/ft  is  about  4%.  Usually,  the  error  committed  by  setting  (ns)  and 
<ns(d'))  equal  to  ft  in  the  data  aiwlysis  for  the  birefringence  is  very  small:  it  is  less  than 
10%  for  an  average  value  <ns)  *»  1.5  and  at  &  =  n/2  (see  Eqn.  17  and  18),  and  decreases  for 
smaller  angles. 


A  scan  of  the  transmitted  intensity  as  function  of  the  angle  of  inddence  0  provides  an 
oscUating  function.  The  minima  occur  at  values  di  for  which  the  corresponding  light 
patii  difference  St  is  an  integer  multiple  of  X: 


5i  =  miX  =  d 


^sindj^ 

"l<ns>  J 


Ing-nol 


;  Geom.  1  (17) 


and 


5i  =  m'iX  =  d 


l<ns(0i)>J  J 


InE-nol  ;  Geom.  2  (18) 


Experimentally,  if  d  is  known,  either  geometry  can  be  used  to  determine  the 
birefringence  I  ng  -  no  I  /  with  (ng)  or  (ns(di)>  replaced  by  ft.  However,  a  fit  for  the 
miitima  in  the  intensity  curve  I  vs  di  using  the  full  expressions  for  (ng)  (or  (ns(di))),  is 
required  if  values  of  the  individual  refractive  indices  are  needed  (see  below).  In  the 
following,  two  methods  are  desaibed  to  vary  the  propagation  angle  d'  (hence  6),  with 
subsequent  analysis  of  the  transmitted  intensity,  to  estimate  the  birefringence  or/ and  the 
refractive  indices  of  the  material.  More  precisely,  analysis  of  the  intensity,  using 
approximate  solutions  for  8,  inducting  the  replacement  of  (ng)  by  ft,  provides  an  estimate 
of  I  riQ  -  ng  I ,  whereas  use  of  the  full  expressions  can  lead  to  an  estimate  of  both  no  and 

ng. 


Method  1:  Rotation  of  a  Plane  Parallel  Slab.  In  this  method,  the  variation  of  the  phase 
difference  is  monitored  as  the  path  length  in  the  crystal  is  varied  by  rotation  of  the 
sample  with  respect  to  the  inddent  beam.  The  mean  field  director  n  is  always  in  the 
plane  of  the  sample.  The  axis  of  rotation  is  kept  normal  to  the  plane  of  inddence  (Fig.  5). 
Geometry  1  corresponds  to  the  conditions  with  the  axis  of  rotation  and  the  nematic 
director  parallel,  whereas  geometry  2  corresponds  to  the  case  where  they  are 
perpendicular  (Fig.  4a  and  5a).  The  optical  path  difference  5  is  given  by  Eqn.  10  or  12, 
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and  (ns>  is  given  by  Eqn.  11  or  13,  for  the  two  cases,  respectively.  Rotation  of  the  sample 
is  accompanied  by  variation  of  P  (hence  •&')  for  geometry  2,  but  not  for  the  geometry  1. 

In  practice,  we  proceed  as  follows:  An  estimate  of  I  ng  -  no  I  is  deduced  from  an 
experiment  using  geometry  1,  together  with  the  assumption  <ns)  =  n.  The  latter  is 
estimated  from  refractive  index  of  the  solvent  and  the  increment  (dn/dc)  for  PBT 
solutions.  [6-7]  This  i  no  -  ng  i  is  then  used  to  fit  the  data  for  the  same  geometry,  using 
Eqn,  10  and  11  for  5i  and  (nj),  respectively,  to  obtain  both  ng  and  no-  The  latter  values 
may  be  checked  by  fitting  the  experimental  data  for  geometry  2  to  the  full  expressions 
for  ^  and  <ns(d')>  (Eqn.  12  and  13).  The  values  taken  for  ng  and  no  are  those  which 
provide  the  best  fit  for  the  experimental  data  for  both  geometries.  Limiting  the 
numerical  fit  to  the  experimental  data  for  the  geometry  1,  which  is  simpler  because  (ng) 
is  independent  of  d',  will  usually  provide  values  for  the  individual  refractive  indices. 
However,  it  is  useful  to  apply  both  geometries  when  initial  estimate  for  ng  and  no  are 
poorly  defined. 

Method  2:  Conoscopy .  In  the  conoscopic  mode,  a  crystal  is  examined  in  highly 
convergent  light  between  crossed  polars.  [22-24]  Because  of  the  convergent  natirre  of  the 
beam,  the  optical  properties  of  the  crystal  are  observed  simultaneously  at  many 
propagation  angles  in  the  medium.  A  schemetic  description  of  this  method  is  shown  in 
Fig.  4c.The  path  difference  6,  is  a  function  of  the  angle  made  by  this  ray  on  the  cone  of 
light.  Coi^sequently,  when  the  transmitted  beam  is  brought  to  interference  in  the  focal 
plane  of  a  lens,  every  point  in  this  plane  is  associated  with  a  direction  of  parallel  rays 
entering  and  leaving  the  crystal  (a  finite  angle  on  the  cone). 

For  a  planar  nematic  monodomain  (n  laying  in  the  sample  plane),  the  parameter  6  is 
expressed  as  a  function  of  the  angles  that  a  ray  on  the  cone  of  light  forms  with  respect  to 
the  cone  axis,  and  to  the  optic  axis  n,  ■&'  and  P,  respectively.  Because  the  cone  axis  is 
taken  normal  to  the  sample  surface,  the  angle  of  propagation  of  ray  on  that  cone  is  also 
the  angle  of  incidence.  For  small  birefringence,  6  is  given  by  Eqn.  7.  [22-24]  For  details 
about  how  the  interference  figure  is  formed  for  such  media,  see,  e.g.,  references  [23,24]. 
We  simply  recall  that  for  a  sample  between  crossed  polars  (P  and  A),  with  its  optical  axis 
at  an  angle  Jt/4  with  respect  to  P  and  A,  the  interference  figure  is  a  set  of  hyperboli 
isochromatic  fringes  centered  around  the  cone  axis  if  n  is  orthogonal  to  the  microscope 
optic  axis.  [22-24]  The  interference  figure  reflects  the  symmetry  of  the  medium:  point 
inversion  and  mirror  reflection  around  n.  The  set  of  fringes  rotates  with  n  as  the  latter  is 
rotated  within  the  the  sample  plane,  and  disappears  when  n  is  parallel  to  either  P  or  A. 
[25]  Scanning  the  corresponding  values  of  O’  on  the  cone  of  light  and  within  the  focal 
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plane,  reveals  oscillations  of  the  intensity  as  predicted  by  Eqn.  2.  A  simplification  of  the 
expression  for  5  (Eqn.  7)  arises  for  all  directions  of  propagation  within  planes 
corresponding  to  geometries  1  and  2,  to  give  Eqn.  10  and  12,  respectively.  A  more 
complex  formulation  is  required  if  an  arbitrary  direction  of  propagation  is  chosen,  and 
an  extra  dependence  on  P  emerges.  (25]  In  practice,  the  angle  d'  is  determined  by 
referring  to  the  numerical  aperture  of  the  lens,  so  that  each  point  on  the  conoscopic 
figure  can  be  related  to  an  angle  d'.  In  principle,  both  geometries  (p  =  n/2  and  p  =  n/2  - 
d’)  can  be  used  to  estimate  the  birefringence,  given  the  sample  thickness  d,  and  replacing 
(ns>  by  n.  Only  the  first  case  p  =  ji/2,  where  5  and  (ng)  are  given  by  Eqa  10  and  11, 
respectively,  is  used  in  the  present  study,  to  provides  values  for  the  birefringence. 

Experimental  Arrangements  l.Rotating  Sample.  The  experimental  set-up  is  shown 
schematically  in  Fig.  5.  For  the  visible  radiation,  a  cw  laser  (Spectra  Physics)  was  used  as 
the  light  source,  (Fig.  5a).  Two  wavelengths  were  used:  X  =  514.5  nm  with  an  Ar-ion 
laser  and  X  =  632.8  run  with  a  He-Ne  laser.  A  Nicol  prism  (CVI  Laser  Corp.)  was  used  to 
provide  a  polarized  incident  light  beam.  A  rhomb  rotater  (Karl  Lambrecht  Inc.)  was 
used  as  the  polarizer  (P),  and  a  polarizing  film  was  used  as  an  analyzer  (A),  with  an 
angular  resolution  of  0.1^.  A  silicon  photodiode  connected  to  a  chart  recorder  was  used 
to  record  the  transmitted  intensity. 

For  the  infrared  (I.R.)  region,  the  light  source  was  a  pulsed  Nd:  YAG  laser  (Fig.  5b).  It 
provides  an  intense  nanosecond  pulse  at  X  =  1064  nm.  A  Raman  cell  was  used  as  the 
source  for  the  other  LR.  wavelengths.  [26]  Pumped  with  the  incident  YAG  signal,  pulsed 
signals  at  X  =  1542  nm  and  X  =  1907  run  (Stokes  components)  were  generated  firom 
methane  and  hydrogen  gases,  respectively.  The  pulse  duration,  the  incident  radiation 
wavelength,  and  the  quantum  efficiency  of  the  photomultiplier  caused  a  problem  in 
detection.  To  circumvent  these  limitations,  the  I.R.  beam  exiting  the  crystal  was  used  as 
a  source  to  generate  optical  harmoiuc(s)  on  passage  through  a  suitable  material 
(component  Si  in  Fig.  5b).  [19-21,26,27]  The  signal  at  2(d  or  3(i)  (for  second  and  third 
harmonic  generation  processes)  always  falls  within  the  UV-visible  region  and  is 
therefore  easy  to  detect.  In  addition  to  the  polarizer  and  analyzer  used  for  experiments 
with  visible  radiation,  an  IR  bandpass  filter  (F2  placed  after  the  sample)  is  used  to  select 
the  signal  at  •  after  the  sample,  eliminating  harmonic  signal  generated  from  the  sample, 
which  also  oscillates  with  d,  though  with  different  dependence  on  0  (i.e.,  Maker 
Fringes).  [19-21]  Two  extra  filters  (F3),  a  visible  bandpass  and  an  interference  filter,  are 
needed  to  select  the  signal  at  2a)  (or  3a))  after  the  harmonic  generation  sources  (Fig.  5b). 
Tlie  signal  at  2a)  (or  3©)  is  detected  using  a  photomultiplier  tube,  then  digitized  through 
the  use  of  an  ADC  system  [CAMAC].  The  sample  signal  is  normalized  by  the  signal  for 
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the  reference  to  account  for  fluctuations  in  the  pulsed  source  intensity  (see  Fig.  8b). 

Since  the  harmonic  signals  are  proportional  to  a  power  of  the  incident  intensity,  e.g.,  ha 
«  (Iq))2,  and  130, «  (IQ))^,  these  signals  reproduce  exactly  the  periodicity  of  I^)  on  the 
rotation  angle  0.  [19-21]  Consequently,  the  data  analysis  for  the  variation  of  intensity 
with  the  angle  of  incidence  0,  is  identical  to  that  discussed  above.  The  second  harmonic 
process  was  found  to  provide  sharper  minima,  and  consequently  better  angular 
resolution,  because  of  the  dependence  on  ho  instead  of  I®^). 

2.  Conoscopy.  An  optical  microscope  (Leitz)  equiped  with  a  set  of  polars  placed  before 
and  after  the  sample  is  used  in  this  method.  The  same  arrangement  is  often  used  to 
examine  liquid  crystal  samples.  [12,28]  However,  an  extra  set  of  lenses  is  required  for 
conoscopic  use.  A  short  focal  lens  is  used  before  the  sample  to  provide  a  converging 
light  beam  with  a  large  cone  angle  (Numerical  Aperture:  sin  ^"max  *  0*6).  Another  lens 
(Bertrand  leris)  is  required  to  bring  the  interference  figure  to  the  plane  of  observation 
(Fig.  5c).  Experimentally,  the  distance  between  two  fringes  is  measured  using  a 
micrometer  mounted  on  the  microscope.  This  distance  is  converted  to  the 
corresponding  angles  on  the  cone,  using  the  numerical  aperture  of  the  lens  placed  before 
the  sample.  Details  on  the  experimental  arrangement  can  be  found  in  general  review(s) 
on  optical  microscopy.  [29-31]  The  spacing  between  fringes  could  also  be  measured 
from  a  photographic  picture  or  the  saeen  of  a  videorecording  of  the  interference  figure, 
knowing  the  experimental  conditions. 

Materials  And  Sample  Preparation.  The  polymer  liquid  crystal  used  for  this  present 
study  is  formed  by  solutions  of  poly(p-phenylene  benzobisthiazole),  PBT.  The  material 
was  provided  as  solutions  in  polyphosphoric  acid  (PPA)  by  SRI  International  (Stanford 
CA)  through  the  courtesy  of  Dr.  J.  F.  Wolfe.  The  synthesis  procedures  are  described 
elsewhere.  [6-1,18]  The  PPA  solution  was  diluted  in  methane  sulfonic  add  (MSA), 
precipitated  in  methanol,  and  thoroughly  washed  with  water,  freeze-dried,  and  stored  in 
a  dry  atmosphere. 

Freshly  distilled  MSA  was  used  to  prepare  the  solutions.  Solution  preparation  was 
carried  out  under  rutrogen  atmosphere  to  avoid  contamination  by  atmospheric  moisture. 
The  solutions  were  stirred  (using  a  magnetic  stirrer)  for  several  days,  until  homogeneous 
media  were  formed.  This  process  is  slow  because  of  the  high  viscosity  of  these  solutions 
(q  >  1000  poise).  We  used  PBT  with  weight  average  molecular  weight  M^  *  34,000, 
determined  by  light  scattering  measurements.  [7,11]  This  corresponds  to  a  weight 
average  rod  length  of  160  nm,  and  an  index  of  polymerization  of  140.  An  aspect  ratio  of 
L/D  "N"  300  (where  L  stands  for  the  rod  length  and  D  is  the  nominal  diameter)  provides 
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a  critical  concentration  for  the  isotropic  to  nematic  transition  of  about  w  «  0.03  wt  (c  = 
4.44x10*2  (g/cm^))  in  MSA  solutions.  [6-12] 

Liquid  crystal  monodomains  were  obtained  using  flat  cells  of  200, 300,  and  350  0m 
thickness  with  good  optical  quality  (X/4  surface  flatness)  provided  by  Hellma  Cells  Inc. 
The  same  cell(s)  and,  consequently,  the  same  samples  were  used  for  NLO  harmonic 
generations  measurements.  Nematic  nionodomains  were  prepared  as  follows.  The 
solution  was  extruded  into  the  sample  through  a  luer  joint.  Prealigned  rods  adsorb  on 
the  surface  walls,  and  orientational  order  propagates  through  the  bulk  of  the  sample  on 
subsequent  annealing.  [6-12]  Nevertheless,  this  process  is  not  always  sufficient  to 
provide  a  monodomain  structure.  Good  quality  monodomains,  useful  for  optical 
purposes,  are  obtained  by  applying  a  strong  magnetic  field  (H  -  4  Tesla)  to  freshly 
prepared  samples  for  several  hours,  with  H  parallel  to  the  sample  walls  and  to  the  initial 
flow  direction.  The  monodomains  thus  reached  are  stable  indefinitely  (provided  they 
are  kept  dry).  All  measurements  were  done  on  monodomains  which  had  been  outside 
the  magnetic  field  for  several  hours.  Consequently,  no  direct  effects  of  the  aligrung  field 
on  the  present  data  are  expected,  since  the  sample  had  previously  reached  equilibrium 
outside  the  field  before  the  measurements  were  taken.  The  alignment  quality  of  the 
planar  sample  subsequently  obtained  was  checked  by  looking  at  the  extinction 
properties  of  the  transmitted  white  light  between  crossed  polars:  full  extinction  occurs 
when  n  is  parallel  to  either  analyzer  (A)  or  polarizer  (P),  as  done  for  nematic  Imw  liquid 
crystals.  [1-4]  Another  check  was  provided  by  the  conoscopic  hgures  obtained  for  these 
mondomains  (Fig.  9b).  As  outlined  in  the  previous  section  for  method  2,  the  point 
inversion  and  mirror  reflection  around  !n!  are  observed.  This  was  always  compared 
against  conoscopic  figures  given  by  a  conventional  uniaxial  crystal  (quartz)  used  as  a 
reference  [9]  The  quartz  crystal  is  a  flat  slab  of  4190  pm  thickness,  with  its  optical  axis 
laying  within  the  sample  plane.  It  served  for  reference  measurements  for  both  methods 
used  in  the  present  study. 

RESULTS 

A  typical  interference  figure  for  a  rotating  plane  parallel  sample  is  given  in  Fig.  6, 
showing  the  oscillatory  function  predicted  by  Eqn.  2  for  1(d).  The  angles  for  the 
minima,  as  well  as  their  number  for  a  given  rotation  interval,  depends  on  the  geometry 
(n  parallel  or  perpendicular  to  the  rotation  axis),  the  wavelength  X,  the  sample  thickness 
d,  and  the  medium  birefringence.  More  c^cillations  occur  for  smaller  X,  larger  d  and/or 
I  ng  -  no  I .  Similar  plots  for  the  intensity  12©  (and  I3©  vs.  d  for  infrared  radiation  (pulsed 
source)  are  shown  in  Fig.  7.  Each  point  on  the  graph  corresponds  to  a  value  of  the  angle 
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d,  and  to  an  intensity  averaged  over  10  pulses.  Fig.  7a,b,c  refer  to  the  PBT  monodomain, 
whereas  Fig.  7d,c  correspond  to  the  quartz  crystal.  As  mentioned  above,  better 
resolution  for  the  miiuma  location  is  obtained  when  second  harmonic  generation  (SHG) 
is  used  (compare  Fig.  7a,  b,  d  and  Fig.  7c,d).  However,  a  third  harmonic  generation 
process  was  needed  for  X  =  1907  nm,  as  X(2ct))  =  953.5  nm  falls  within  the  I.R.  region,  and 
is,  therefore,  not  detected  by  the  photomultiplier  used. 

Conoscopic  interference  Hgures  are  shown  in  Fig.  8  for  a  nematic  planar  monodomain 
(solution  with  w  «  0.0483  (wt)  or  c  -  0.0715  (g/cm^))  together  with  the  corresponding 
interference  pattern  for  the  quartz  planar  crystal,  at  the  He-Ne  red  line  (X  =  632.8  nm). 
We  checked  to  insure  that  the  interference  figure  rotates  with  the  mean  field  director  as 
the  sample  is  rotated  within  its  plane,  P  and  A  being  fixed  and  crossed.  [12,25]  As 
expected,  the  fringe  spacing  is  invariant  to  such  an  operation,  whereas  the  contrast 
between  the  dark  and  bright  fringes  varies  with  rotation  of  n  with  respect  to  its  initial 
direction  (n  at  45®  with  respect  to  P),  or  when  the  angle  between  P  and  A  is  changed, 
keeping  n  fixed.  The  fringes  disappear  when  n  is  parallel  to  either  A  or  P  (see  the 
previous  section). 

Values  for  the  birefringence  I  ng  -  no  I ,  using  the  approximate  expression  for  8  (Eqn.  9 
and  10)  and  (ns)  =  fl  to  fit  the  minima  in  I  vs.  d  curves  for  geometries  1  and  2  (Method  1), 
are  reported  in  Table  1  for  the  different  wavelengths  used.  We  also  report,  in  the  same 
table,  values  for  I  ng  -  no  I  using  Method  2  and  Eqn.  10  (with  (ns)  =  n)  for  visible  He-Ne 
radiation,  X  =  632.8  nm.  The  corresponding  values  measured  for  the  quartz  slab  using 
the  same  procedures  are  also  given,  together  with  those  reported  in  the  literature.(32] 
For  the  quartz  reference  slab,  it  is  important  to  notice  the  agreement  between  the  values 
of  1  ue  -  no  I  measured  using  method  1,  with  its  two  geometries,  and  those  reported  in 
the  literature.  In  addition,  the  values  deduced  for  a  PBT  monodomain  using  the 
approximate  fit  for  each  geometry  are  also  in  agreement  for  both  methods,  showing  the 
usefulness  of  the  approximations  made  for  the  estimation  of  the  birefringence. 
Nevertheless,  the  values  provided  by  geometry  2  (Method  1)  are  slightly  larger  than 
those  obtained  with  geometry  1.  This  can  be  attributed  to  the  approximation  used  for 
(ns),  and  neglect  of  its  dependence  on  0’  (Eqn.  13). 

The  use  of  the  full  expression  for  (nj)  (Eqn.  11,  geom.  1)  in  the  data  analysis  (numerical 
fit)  provides  values  for  the  individual  refractive  indices  no^  ns  and  the  corresponding 
I  nE  -  no  I  as  summarized  in  Table  2.  A  fit  for  the  geometry  2,  and  Eqn.  13  for  (ns(d')) 
provided  similar  values  for  the  refractive  indices.  The  final  values  for  the  birefringence 
I  no  -  nE  I ,  deduced  from  the  numerical  fit,  are  slightly  smaller  than  those  deduced  from 
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the  "approximate"  analysis  for  both  geometries  1  and  2.  However,  they  are  in  much 
better  agreement  with  those  provided  by  the  anaysis  for  geometry  1:  I  Oq  -  ng  I  is  about 
5%  smaller  than  what  has  been  deduced  previously  (approximate  analysis  in  geom.  1) 
for  ail  wavelenghts. 

DISCUSSION 

The  birefringence  shows  pronounced  dispersion  for  visible  wavelengths:  I  ng-  no  I 
increases  by  a  factor  of  about  2.5  when  X  decreases  from  1  pm  to  0.5  pm,  whereas  its 
increase  is  less  than  20%  in  the  range  1  <  X  <  2  pm  (see  Fig.  9).  The  dispersion  of  I  n£  - 
no  1  for  the  lower  wavelengths  is  slightly  more  pronounced  than  reported  for 
conventional  liquid  crystals  (pure  materials):  I  ng  -  no  I  increases  by  a  factor  of  2  for 
MBBA  for  X  in  the  visible  spectrum,  for  instance.  (33]  However,  the  analysis  of  the 
variation  of  the  individual  refractive  indices  ng  and  no  shows  that  the  disp>ersion  is  more 
pronounced  for  the  extraordinary  refractive  index  only  at  wavelengths  in  the  visible 
spectrum  (Fig.  10).  Isotropic  solutions  of  PBT  in  MSA  are  known  to  have  a  modest 
absorption  band  centered  around  436  nm,  and  their  ordered  nematic  monodomains  are 
dichroic,  with  an  enhanced  dichroism  for  smaller  wavelengths  in  the  visible  spectrum. 
[12]  For  instance,  the  transmission  coefficient  of  a  plane  polarized  light  is  about  two 
times  larger  for  polarization  normal  to  n  (E  X  n )  than  the  case  where  E  and  n  are 
parallel  (E  1  I  n),  at  the  green  line  (X  =  514.5  nm)  and  for  a  nematic  monodomain  of  300 
0m  thickness  and  a  polymer  concentration  w  =  0.055  wt.  [12]  Therefore,  the  strong 
dispersion  of  I  ng  -  oq  I  for  small  X,  may  be  mainly  attributed  to  the  effects  on  ng,  and  a 
meaningful  discussion  of  the  dispersion  ought  to  consider  each  refractive  index 
separately. 

For  many  organic  molecules,  the  dispersion  may  be  represented  by  an  empirical 
expression  (similar  to  the  Cauchy  formula),  based  on  a  calculation  using  the  Lorentz 
oscillator.  For  frequencies  v  far  from  an  absorption  band  centered  around  Vnv  tWs 
relation  reduces  to  [23,24,34} 


R  =  n3  -  1 


(19) 


where  Kvm^  is  an  average  oscillator  strength.  The  latter  results  from  an  integration  over 
all  contributing  individual  oscillators  in  the  molecule,  and  is  related  to  the  absorption 
coefficient  of  the  medium.  Eqn.  19  predicts  a  straight  line  for  a  fit  of  [l/R]  vs.  v^.  Such  a 
relation  has  been  used  fairly  successfully  to  interpret  the  dispersion  of  the  refractive 
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index  data  for  many  dense  systems  and  at  wavelengths  far  from  the  absorption  peak  Vm- 
[34]  For  uniaxial  materials,  Eqn.  19  may  be  used  for  refractive  indices  ng  and  no,  with 
constants  Vm  and  K  for  each.  Plots  for  the  experimental  values  for  (l/R)  as  a  function  of 
v2  are  shown  for  both  ng  and  iiq  in  Fig.  11.  Agreement  with  Eqn.  19  is  observed  for  both 
cases  over  the  range  of  wavelengths  scanned,  giving  Vm  -12x10'^  s'^  (or  (Xm  =  250  nm) 
for  ng,  Vm  “ISxlO^^  s'^  (or  (Xm  “  200  nm)  for  i\g,  and  K  =  0.27  for  both  and  no-  The 

emergence  of  two  separate  absorption  frequencies,  (VnOg  and  (Vn,)o,  in  the  UV  region  of 
the  spectrum,  suggests  that  PBT  ordered  solutions  have  two  dose  by  spaced  absorption 
lines  at  lower  wavelengths.  This  may  be  the  reflected  in  the  dichroism  of  these 
monodomains  observed  for  visible  radiation.  The  KVm^  value  for  ng  and  riQ,  which  are 
associated  with  dichroism  in  the  absorption  properties  for  these  monodomains  in  the 
UV,  suggest  a  higher  absorption  coeffident  for  the  ordinary  case.  By  contrast,  aroimd 
the  absorption  maximum  in  the  visible  (436  mn)  the  extraordinary  is  more  strongly 
absorbed,  but  with  an  extinction  coeffident  less  than  that  in  the  UV.  Apparently  the 
latter  dominates  the  dispersion  of  the  refractive  indices. 


The  present  dispersion  data  and  their  strong  anisotropy  have  direct  implication  on  the 
NLO  data  for  these  ordered  solutions  using  third  harmonic  generation  (THG)  technique. 
An  important  parameter  in  such  measurements,  crudal  for  the  signal  analysis,  is  the 
coherence  length,  defined,  at  normal  inddence  as:  119-21) 


^c(^=0) 


2m  In3<a-na)* 


(20) 


where  m  is  2  or  3  for  second  or  third  harmonic  generations  respectively.  It  characterizes 
the  distance  below  which  the  interference  of  the  harmonic  signal  is  constructive.  The 
dispersion  is  also  involved  in  the  estimation  of  the  norUinear  optical  coeffident 
where  the  factor  X^^^Vlnsco^-  is  the  one  actually  exhracted  from  the  harmonic 
signal.  [19-21]  The  data  for  the  dispersion  of  both  ng  and  nQ  in  the  analysis  of  THG  data 
collected  for  ordered  PBT  solutions  discussed  in  Part  1  of  this  report. 


The  order  parameter  S,  defined  as:  [1-4] 


S 


( 


3  cos^Q  - 1 
2 


) 


(21) 


characterizes  the  "degree"  of  alignment  of  the  rods  in  nematic  media.  Here  Q,  is  the  angle 
made  by  the  rods  with  respect  to  the  mean  field  direction,  and  the  bracket  designates  an 
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ensemble  average.  In  lyotropic  media,  sucb.  "is  PBT  nematic  solutions,  S  is  mainly 
dependent  on  the  solute  concentration,  but  also  on  the  temperature.  The  order  can  be 
related  to  the  optical  properties  of  the  medium,  thus  to  the  birefringence,  i  ng  -  riQ  I ,  as 
has  been  done  for  conventional  low  molecular  weight  liquid  crystals.  [1-4,36,37}  Over 
the  concentration  range  of  interest  here,  this  relation  reads: 

InE-nol  “  Ing-nolmoiSd*  (22) 

where  <I>  is  the  solute  volume  fraction,  and  the  "molecular  birefringence  I  ng  -  no  1  mol 
may  be  approximated  by 


2>t(ns2-h2)NapiY,,-ril 
InE-nolmol  “  M 


(23) 


with  p  the  solvent  density,  and  Y|  ,  -  Yj_  fi'e  difference  between  the  principal  molecular 

polarizabilities  parallel  and  perpendicular  to  the  rod  axis,  respectively.  The  parameter 
I  ng  -  no  I  mol  is  equal  to  the  measured  birefringence  for  both  S  and  #  equal  to  1.  Eqn.  23 
is  based  on  the  expression: 


4 

3 


Naj 


<n2)  +  2 ' 


j  =  E,0 


(24) 


for  the  extradinary  and  ordinary  components  of  the  polarizability,  with 


(n2) 


nE^+ 

3 


(25) 


Values  of  the  birefringence  I  ng  -  no  I  for  A,  =*  632.8  nm,  where  absorption  is  small,  are 
reported  for  a  few  concentrations  in  Table  3.  The  corresponding  plot  is  shown  in  Fig.  12, 
and  a  linear  curve  results,  for  which 

Ing-nol  =  1.46  S(<t»- 0.002);  for  <I>  >  1.1<I>*  (22) 

On  the  basis  that  S  should  not  decrease  with  increasing  the  data  in  Fig.  12  give  S  at  <!>* 
equal  to  1  -  0.002/<I>'*,  or  0.94,  and  1  ng  -  no  I  mol  =  1-46  [6,7].  By  comparison,  an  analysis 
for  I  ng  -  riQ  1  mol  for  PBT  in  MSA  based  on  I  Y|  |  -  Yx  *  determined  in  dilute  solution  gives 
I  ng  -  no  I  mol  =  1-55.  [6,7,9,10,39] 
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The  behavior  in  Fig.  12  suggest  that  S  is  close  to  0.94  over  the  entire  range  of 
concentration  studied.  This  is  particularly  high  since  the  smallest  concentration  studied 
is  very  dose  to  the  critical  value  <t>*,  for  the  threshold  of  the  isotropic  to  nematic 
transition,  e.g.,  »  1.1.  The  result,  S  constant,  over  a  fairly  wide  range  of 

concentations  (1  <  (4>/0*)  <  2.5),  is  new.  The  order  parameter  has  been  found  to  depend 
on  (p  for  other  lyotropic  media,  and  the  value  of  S  at  O  slightly  above  is  smaller  than 
that  reported  here,  [b  13-16]  For  example  S  =  0.75  was  reported  for  aqueous  TMV 
solutions  with  <I>/<I>*  »  1.05  with  S  reading  0.95  for  <t>/ ^>*  =  1.5,  whereas  a  value  of  about 
0.7  was  reached  for  PBLG  at  <I)/<I>*  «  1.2  with  S  =  0.8  for  =  1.8.  [13-16]  The  charged, 
rodlike  nature  of  PBT,  and  the  high  aspect  ratio  (L/D  -  300)  may  enhance  the  order  in 
the  solutions.  [40,41] 

The  birefringence  measured  for  PBT  ordered  solutions  is  high.  For  example,  it  is  much 
higher  than  that  reported  for  ordered  solutions  of  poly(7t-benzyl  glutamate),  PBG, 
poiy(Jt-benzyl-L-glutamate),  PBLG,  or  tobacco  mosaic  virus,  TMV  at  similar 
concentrations,  e.g.,  for  <  2.5,  I  ng-  nol  ^  0.005x  10  for  both  TMV  and  PBLG  for 
example.  [13-16]  These  smaller  values  for  PBLG,  TMV,  etc.,  may  be  attributed  in  part  to 
the  helocoidal  structure  of  these  molecules.  The  normalized  birefringence  for  pure  PBT 
material  I  n^  -  Uq  I  /O  obtained  here  are,  however,  higher  than  I  ng-  no  I  for  some 
conventional  thermotropic  liquid  crystals  such  as  PAA  or  MBBA  for  example,  where  I  ng 
-  no  I  reaches  values  about  0.3  -  0.4  for  the  latter  for  temperatures  far  from  the  clearing 
point;  a  weaker  order  parameter  characterizes  these  media:  S  «  0.5  -  0.6.  [33,42-47]  . 

CONCLUSION. 

The  results  reported  above  exhibit  an  imexpected  insensitivity  of  the  order  parameter  S 
on  the  volume  fraction  of  the  rodlike  solute  PBT  over  the  range  1.1  <  <  2.5. 

Furthermore,  S  is  deduced  to  be  surprisingly  close  to  unity  over  the  entire  concentrahon 
range  studied.  Here,  S  is  deduced  from  the  dependence  of  the  birefringence  I  ng-  Oq  I 
on  and  therefore  requires  a  number  of  assumptions  discussed  in  the  preceding.  It 
would  be  desirable  to  confirm  the  conclusions  reached  here  on  the  variation  of  S  with 
using  an  independent  technique,  e.g.,  measurement  of  the  diamagnetic  susceptibility.  A 
possible  reason  for  the  unexpected  behavior  may  be  related  to  the  way  in  which  the 
aligned  solutions  were  formed,  making  used  of  an  aligning  magnetic  field  on  a  nematic 
solution  confined  between  parallel  plates.  Studies  are  in  progress  to  assess  whether  S 
might  be  increased  from  its  normal  equilibrium  value  for  the  bulk  nematic  PBT  solution 
under  such  condition's  If  not,  it  will  be  of  interest  to  consider  whether  other  special 
factors  might  contribute  to  the  observed  behavior  for  I  ng  -  no  1 ,  and  the  deduced 
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behavior  for  S.  Candidate  factors  would  include  the  effects  of  electrostatic  interactions 
among  the  protonated  PBT  solute  chains. 

The  dispersion  of  the  birefringence  I  n^-  no  I  over  the  spectral  range  studied  (514  to 
1907  nm)  is  not  considered  to  be  abnormal,  but  is  due  to  the  different  dispersions  of  the 
ordinary  and  extraordinary  refractive  indices.  Thus,  although  both  can  be  fitted  by  the 
same  expression  over  the  range  studied,  one  of  the  two  adjustable  parameters  in  that 
expression  differs  for  ngand  ixq-  These  parameters  lie  in  the  range  normally  experienced 
with  organic  molecules  in  both  cases.  Measurements  in  the  visible  spectral  range  show 
that  nematic  solutions  are  strongly  dichroic,  with  light  polarized  along  the  extraordirrary 
axis  being  more  strongly  absorbed  than  that  polarized  along  the  ordinary  axis.  [12] 
Nevertheless,  naive  interpretation  of  the  parameters  used  to  fit  the  dispersion  data 
suggest  a  larger  extinction  coefficient  for  light  polarized  along  the  ordinary  axis  for 
wavelengths  in  the  ultraviolet  range.  Owing  to  the  magnitude  of  the  extinction 
coefficient  for  the  latter  wavelengths,  and  the  thickness  of  the  samples,  no  direct 
information  is  available  as  yet  on  the  dichroism  in  the  tdtraviolet  for  nematic  solutions  of 
PBT.  Although  not  novel  in  concept,  we  are  unaware  of  previous  reports  in  which  the 
procedures  used  here  to  measure  ng  and  noover  a  wide  range  of  wavelengths  has  been 
so  implemented. . 
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Table  1:  Birefringence  for  PBT  Monodomans  and  Quartz  Crsytal 


lOE-nol 

Method  1  (Saniple  Rotation) 

Mcthcxl  2  (Conoscopy) 

GEOMETRY  1 

GEOMETRY  2 

wavelengt 

PBT 

Quartz 

PBT 

Quartz 

PBT 

Quartz 

Ouartz 

h 

d  =  370jJ,m 

d  = 

d  =  370|ini 

d  = 

d  = 

d  = 

Lit. 

X/nm 

c  =  0.0813 

4190|im 

c  =  0.0813 

4190iim 

370jxm 

4190um 

fjcxrfi 

c  = 

0.0758 

514.5 

0.125  ±0.002 

0.137±0.002 

0.00924 

632.8 

O.0788±0.005 

0.0091 

0.083±0.005 

0.0093 

0.072 

0.009 

0.00911 

1064 

0.049210.000 

0.0087 

0.051±0.0002 

0.0088 

0.00878 

1542 

2 

0.0084 

0.00857 

0.00849 

1907 

0.045210.000 

0.0082 

0.0082 

0.045  ±0.001 

Table  2:  Refractive  Indices  ng  and  n^,  and  the  Birefringence  [n^  -  n^l 


c 

PBT  in  MSA 
=  0.08  giti/cm^ 

Quartz 

wavelengt 

"o 

"E 

mmsnrn 

"o 

"e 

I"e-"oI 

n 

X/nm 

514.5 

1.6480 

0.1210 

632.8 

wBt 

1.5770 

0.0780 

1.54330 

1.55244 

0.00914 

1064 

1.4389 

1.4888 

0.0499 

1.53430 

1.54304 

0.00874 

1542 

1.4801 

0.0461 

1.52860 

1.53708 

0.00848 

1907 

1.4294 

1.4743 

0.0449 

1.52080 

1.52902 

0.00822 

Table  3:  Birefringence  In^  -  n^l  of  PBT  in  MSA 


lOOc/g  cm 


-3 


Method 
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4M 

0.047 

Rotating  sample;  Geo.  1 

4,93 

0.046 

Conoscopy 

6.30 

0.059 

Conoscopy 

7,15 

0.0676 

Rotating  sample;  Geo.  1 

7.15 

0.067 

Conoscopy 

7.58 

0.078 

Conoscopy 

8.13 

0.0788 

Rotating  sample;  Geo.  1 

9.88 

0.094 

Conoscopy 
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(a) 


Fig.  4  Schematic  description  of  the  sample  and  the  polarizations  configuration  for  the 

interference  process,  (a)  Geometry  1  (9  =  Jt/4)  in  the  first  method ,  a  perpspective  view 

is  given,  (b)  Light  path(s),  ordinary  and  extraordinary,  in  the  crystal  with  the 
corresponding  refraction  angles  d'g  and  O’q.  (c)  Schematic  diagram  for  the  diverging 

beam  with  the  different  waves  in  the  ciystal  for  the  second  method;  n  is  kept  within  the 
plane  and  normal  to  the  cone  axis. 
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AaH«>  Milan 


A 


I  1  1  j 


Fig.  5  Experimental  arrangement  for  the  rotation  of  a  plane  parallel  sample  and  conoscopic, 
methods:  (a)  Visible  radiation,  n  is  always  within  the  sample  plane.  G>)  Harmonic 
Generation  apparatus  for  the  incident  LR.  radiatioru  Weakly  converging  lenses  L]  and 
Ll  may  help  reaching  a  better  definition  of  the  light  beam  in  the  sani|)Ie,  and  therefore 
for  d.  (c)  Schematic  diagram  for  the  conoscopy  mode. 
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Rotation  Angle:  0 


Bg.  7  Harmonic  Generation  (HG)  signal  as  function  of  the  rotation  angle  from  PBT 

monodomain  (c  «  0.0813  (g/cm^),  and  d  =  350  urn):  (a)  SHG  signal  at  X<o  =  1064  urn. 
(b)  SHG  signal  at  X<a  =  1542  nm;  (c)  THG  signal  at  X<o  =  1907  nm. 
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Rotation  Angle:  0 


Fig.  7  Plots  for  SHG  and  THG  signals  from  the  quartz  reference  (c)  SHG  at  Xiat-  532  nm; 

(d)  THG  at  X3<tf=  514  nm.  The  miruma  for  THG  pattern  are  broader  than  observed 
for  SHG  case. 
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Fig.  8  Conoscopic  interference  figures  for  a  PBT  monodomain  (c  =  0.075  (g/cm^)  #and  d 
=  300  pm),  together  with  the  Quartz  reference  (top  and  middle  figmes, 
respectively);  crossed  polais  and  n  at  7t/4  with  respect  to  P  and  A.  Bottom  figure 
correspond  to  a  tilted  crystal  within  its  plane;  the  interference  figure  is  slightly 
rotated  within  its  plane. 
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Refraction  Index 


lO'^xX(nm) 


Fig.  10  Plot  for  the  absolute  refractive  indices  vs.  7c  Top  curve  is  for  He  whereas  the 
bottom  curve  is  for 
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Fig.  11  Plot  of  1/R  vs.  v2  for  both  refractive  indices:  ordinary  and  extraordinary. 
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Fig.  12  Plot  of  the  birefringence  I  ng  -  no  I  as  function  of  the  concentration  c.  The  value 
of  c  scanned  are  within  the  range  sligthly  above  the  criticai  concentration  indicated 
by  the  arrow. 
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PART  3:  RHEOLOGICAL  PROPERTIES  OF  BLENDS  OF  RODLIKE  CHAINS 

WITH  FLEXIBLE  OR  SEMIFLEXIBLE  CHAINS 

V.  J.  Sullivan,  C.  S.  Kim  and  G.  C.  Beny 

ABSTRACT 

Rheological  and  rheo-optical  properties  are  studied  for  homogeneous  blends  of  the  rodlike 
poIy(l,4-phenylene-2,6-benzobisthiazolc),  PBT,  and  the  flexible  poly(hcxamethylene 
adipamide),  nylon-66,  and  homogeneous  blends  of  the  rodlike  poly(l,4-phenylene-2,6- 
benzobisoxazole),  PBO,  and  the  semiflexible  poly(2,5-benzoxazole),  PabPO.  The  linear 
recoverable  creep  compliance  shows  that  the  distribution  of  retardation  times  is  similar  for  all 
the  blends  studied,  though  shifted  on  the  time  scale  by  large  variation  in  the  viscosity  among 
the  blends.  A  single-integral  (BKZ-type)  constitutive  equation  is  found  adequate  to  represent 
the  dependence  on  shear  rate  of  the  nonlinear  steady-state  viscosity,  the  recoverable 
compliance,  and  the  flow  birefringence  (save  for  certain  anomalous  behavior  at  low  shear  rate 
in  the  latter  case).  Effects  on  the  viscosity  are  discussed  in  terms  of  a  simplified  model 
forbehavior  when  a  characteristic  rheological  time  constant  is  longer  for  the  rodlike  than  for 
the  flexible  chain  component 

INTRODUCTION 

Solutions  of  rodlike  chains  blended  with  a  flexible  chain  may  serve  as  precursors  to  so-called 
molecular  composites,  the  latter  being  formed  on  solvent  removal  under  certain  conditions 
[1,2].  In  many  cases,  as  with  the  system  studied  here,  the  rheological  properties  of  the 
component  solutions  differ  markedly.  Typically,  the  rodlike  solution  will  exhibit  much  longer 
relaxation  times  and  larger  viscosity  than  the  solution  of  the  flexible  chain  at  comparable 
chain  lengths  and  polymer  concentration,  see  below.  Also,  miscible  systems  will  usually  be 
only  moderately  concentrated  owing  to  a  tendency  for  phase  separation  with  increasing 
concentration  [3],  In  fact,  the  aforementioned  phase  separation  may  often  frustrate  attempts 
to  prepare  a  molecular  composite  free  of  domains  rich  in  the  rodlike  component  [4]. 

Homogeneous  solutions  of  two  separate  systems  in  methane  sulfonic  acid,  MSA,  have  been 
studied:  the  rodlike  trans-poly  (l,4-phenylene-2,6-benzobisthiazole),  PBT,  and  the  flexible 
poly  (hcxamethylene  adipamide),  nylon-66,  and  the  rodlike  cij-poly(l,4-phenylenc-2,6- 
benzobisoxazolc),  PBO,  and  the  semiflexit  le  poly(2,5-benzoxazole),  PabPO  (PBX  structures 
are  given  in  Part  1  of  this  report. 
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As  discussed  in  references  [5-7]  solutions  of  PBX  are  nematogcnic,  and  exhibit  many  of  the 
propenies  expected  for  rodlike  chains,  both  for  isotropic  and  nematic  solutions.  For  example, 
for  isotropic  solutions,  the  linear  (Newtonian)  viscosity  T| 

may  be  expressed  in  the  form  [8] 

Ti/tis  =  KNa^M  [Ti](cL/ML)3f(ciyML)n  (1) 

where  c  is  the  pol>mer  concentration  (wt/vol),  Hs  « the  solvent  viscosity,  Na  is  Avogadros 
Number,  M  is  the  molecular  weight  and  i\  the  intrinsic  viscosity  of  a  rodlike  chain  of  length  L, 
Ml  =  M/L  is  the  mass  per  unit  length,  f  is  a  crowding  factor,  discussed  below,  and  Q 
=C/3ndris,  >*ith  C  the  local  friction  factor  and  d  the  chain  diameter.  The  parameter  K  is  of 
order  10-4  [6,8-10].  For  low  c,n  is  expected  to  be  unity,  but  Q  may  depend  on  temperature  T 
and  on  c  for  larger  c,  see  below  [11].  For  rodlike  chains  [12], 

M(ri]  =JtNAL3/241n(3U2d)  (2) 

making  t\  markedly  dependent  on  L,  e.g.,  [t]]  oc  l1-8  for  L/d  of  interest  here.  Thus, 
rearrangement  of  Eqn.  (1)  gives 

n/n  =  [7tK/241n(3L/2d)](vL3)fn  (3) 

where  v  =  cNa/M  is  the  molecular  concentration.  In  prior  [10]  discussion  of  the  viscosity  of 
isotropic  PBT  solutions,  use  was  made  of  the  expression  [13] 

f  =  (1  -  BcUMLaNi)  (4) 

with  B  nearly  unit>-,  where  =  (cL)i^i/Ml  is  calculated  with  the  values  of  c  and  L  for  the 
conditions  necessary  to  form  a  stable  nematic  phase;  is  expected  to  be  essentially  a 
constant  [14].  A  different  form,  given  by  [15] 

f  =  [l-(B'cL/MLaNi)3%i  (5) 

with  B'  <  1  gives  smaUer  f  than  Eqn.  (4)  for  c  «  cni,  but  gives  larger  f  than  Eqn.  (4)  as  c 
approaches  cni,  the  two  expressions  being  equal  for  some  c/cni,  dependent  on  B'/B. 
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By  comparison,  the  dependence  of  "H  on  M  and  c  given  by  the  preceding  is  more  marked  than 
is  the  case  for  flexible  chain  polymers,  for  which  E  may  be  expressed  as  [10,16] 

Tl/Tis  =  (NAcRG^/6ma(c/p)l/2E(cRQ2/pRQ^2)(3jt(jQ)  (6) 

where  Rg  is  the  root-mean  square  radius  of  gyration  of  the  chain  at  concentradon  c,  Rq.c  is  a 
polymer  dependent  constant,  p  is  the  polymer  density,  and  ma  is  the  molar  weight  per  chain 
atom,  with  contour  length  1  and  friction  factor  ^  per  chain  atom.  The  entanglement  function  E 
is  discussed  elsewhere  [17,18]  —  a  useful  semiempirical  expression  takes  the  form  E(z)  =  (I  + 
z2.4e)l/e^  where  e  is  an  adjustable  parameter  [18].  (For  large  e,  E(z) «  z^  with  a  -  2.4  if  z  >  1 
and  zero  otherwise).  For  a  flexible  chain,  =  PL/3,  with  0  the  persistence  length  (P  «  L 
for  a  flexible  coil).  Rearrangement  to  a  form  similar  to  Eqn.  (3)  gives 

n/Tls  =  (Jld/2)(p/3I)l+a(c/p)l/2NAXc)-a(vL2a2)l+aa  (7) 

where  use  is  made  of  the  approximation  E(z) «  mentioned  above,  Xc  is  the  Fox  parameter 
pRo.c^/nia  with  NaXc  “  240  nm  *1  for  a  number  of  polymers  [11],  and  a  is  the  excluded 
volume  expansion  factor  at  concentration  c  [16]  (not  to  be  confused  with  aNI  introduced 
above).  Comparison  of  Eqns.  (3)  and  (6)  shows  that  Tj  will  generally  be  much  less  for  flexible 
chains  polymers  than  for  rodlike  chains  at  common  v  and  L. 

As  discussed  elsewhere  [6],  isotropic  solutions  of  PBT  are  observed  to  exhibit  linear 
viscoelastic  behavior  under  a  recently  small  deformation,  as  is  also  the  case  with  solutions  of 
flexible  chain  polymers  [8,18-21].  Thus,  in  either  case,  the  creep  compliance  may  be 
expressed  in  the  form  [18,20,21] 

J(t)  =  R(t)  +  t/Ti  (8) 

where  the  recoverable  compliance  R(t)  reaches  its  asymptotic  limit  R(S),  the  steady-state 
recoverable  compliance,  for  large  t.  (R(S)  is  often  denoted  Je®  [21]).  In  the  form 

R(t)  =  R<S)-[R(S)  -Rd)]  5rvexp(-t/Xv)  (9) 

the  data  for  R(t)  on  PBT  solutions  require  several  retardation  times  Xy  to  represent  R(t)  [6,10]. 
Here,  R^^  is  the  instantaneous  compliance,  and  the  weight  factors  ry  sum  to  unity.  Making 
use  of  the  well-known  convolution  integral  relating  J(t)  and  the  (linear)  shear  modulus  G(t), 
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the  data  on  Ti,  R(S)  and  the  ry  and  Xy  set  may  be  converted  to  an  equivalent  set  of  relaxation 
times  Ty  and  their  weight  factors  gy  [7,19-21]: 

G(t)  =  (RW)-l5gyexp(-t/xy)  (10) 

where  thegy  sum  to  unity. 

With  isotropic  polymers  and  their  solutions,  certain  nonlinear  properties  can  be  represented  by 
the  use  of  a  single-integral  (BKZ-type)  constitutive  equation  involving  G(t)  andcothe  shear 
strain  7(t)  [7,19,22]: 


Om(t)  = 


■-f 


■  aG(u) 

du  — [7(t)  -  Tf(t  -  u)]"™  Fl7(t)  -  “Kt  -  u)] 
du 


for  the  shear  stress  o(t),  m  =  1,  or  thefu-st-nomsai  stress  difference  v(l)(t),  m  =  2.  Here  F(y)  is 
a  function  known  reasonably  well  [8,19,23];  theoretically,  F(y)  is  the  same  for  rodlike  and 
flexible  coil  chains  [8,23].  In  fact,  Eqn.  (11)  has  been  used  with  isotropic  solutions  of  PBT  in 
reference  [6],  as  well  as  a  variety  of  flexible  chain  polymCTS  [19,24].  Thus,  the  dependence  of 
the  steady-state  viscosity  tik  »  o(<»<»)/ic  on  shear  rate  k  and  the  recoverable  compliance  r(S) 

following  steady-state  flow  at  shear  rate  k  are  well  represented  by  Eqn.  (11)  with  m  =  1.  Flow 
birefringence  data  were  represented  in  reference  [6]  by  Eqn.  (11)  with  m  =  2,  combined  with 
the  stress-optic  law  [25]  in  the  form  (for  An  13  »  An23) 

Ani3(t)  =  CvO)(t)  (12) 

where  C  is  a  stress-optic  constant  and  An  13  is  the  flow  birefringence  in  the  1-3  flow  plane 
(e.g.,  for  light  propagated  perpendicular  to  the  flow  plane  for  flow  between  parallel  plates). 

The  steady-state  behavior  of  interest  here  given  by  Eqn.  (1 1)  can  be  summarized  by  the 
relations 


t1k/t1o  =  h(ptcK) 

(13) 

Rx(S)/R^(S)  =  rfpx^K) 

(14) 
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Mk/Mo  =  m(pXcK) 


(15) 


where  tc  =  and  ,1/p  is  a  material  specificoxonstant  generally  in  the  range  2-4  [19] 

(sec  below).  Here,  Mk  =  Ani3/(T[KK)2,  and  the  subscript  0  indicates  a  limiting  value  for  small 
K.  The  subscript  0  will  be  suppressed  when  dealing  with  linear  properties  if  no  confusion 
should  result  The  functions  h( ),  r( )  and  m( )  arc  discussed  in  detail  elsewhere  [19]. 

Relatively  little  is  known  about  the  rheological  behavior  of  miscible  blends  of  rodlike  and 
flexible  chain  polymers.  Nevertheless,  it  can  be  anticipated  that  the  linear  viscoelastic 
behavior  embodied  in  Eqns.  (8)  -  (10)  will  apply  for  recently  small  deformations.  Similarly, 
Eqns.  (1 1)  -  (15)  should  be  applicable  for  the  blend,  using  the  functional  form  for  F(y)  found 
in  common  for  rodlike  and  flexible  chains.  By  contrast  the  mixing  laws  for  "n  and  Rq^^^  may 
be  quite  complex,  as  indeed  is  the  case  even  for  polydisperse  solutions  of  either  rodlike  [6]  or 
flexible  chains  [19]. 

EXPERIMENTAL 

Materials.  The  PBT  samples  were  supplied  by  SRI  International,  through  the  courtesy  of  J. 

F.  Wolfe.  The  intrinsic  viscosity  in  solution  in  MSA  was  1400  cm^/g  for  sample  53,  and  3600 
cm^/g  for  sample  28.  These  polymers  have  been  used  in  preuous  studies  in  this  laboratory 
[5-7].  The  nylon-66  used  was  a  sample  of  Zytel  42,  made  by  E.  I.  duPoni  de  Nemours  &  Co. 
The  intrinsic  viscosity  of  the  nylon-66  sample  was  found  to  be  425  cm^/g  in  solution  in  MSA, 
and  185  cm^/g  in  solution  in  96%  sulphuric  acid;  [T]]  was  determined  by  methods  described 
elsewhere  [26].  Methane  sulfonic  acid  was  distilled  under  a  reduced  pressure  prior  to  use. 
Solutions  were  prepared  employing  techniques  discussed  in  reference  [5]  to  insure  minimal 
contamination  by  moisture. 

The  PBO  and  PabB)  samples  were  supplied  by  Dow  Chemical  CO.,  through  the  courtesy  of 
W.  F.  Hwang.  The  intrinsic  viscosity  in  solution  in  MSA  was  13(X)  cm^/g  for  the  PBO 
sample,  and  1400  cm^/g  for  the  PabBO  sample. 

Two  sets  of  solutions  of  PBT  and  its  blends  with  nylon  were  used  in  this  study.  A  set  of 
solutions  of  PBT-28  and  PBT-28/nylon-66  blends,  designated  by  the  prefix  A,  was  received 
through  the  courtesty  of  W.  Adams,  Air  Force  Wright  Aeronautical  Laboratories.  These 
samples  arc  designated  by  the  code  A  -  R/F,  where  R  and  F  are  the  weight  percents  of  the  PBT 
and  nyIon-66,  respectively,  (e.g.,  the  notation  A-1.75/0  desipates  a  solution  with  1.75  weight 
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percent  PBT-28,  but  no  nylon-66).  A  similar  notation  is  used  for  the  mixtures  of  PBO  and 
PabBO,  The  total  polymer  concentration  in  the  mixture  varied  in  this  series,  being  adjusted  to 
be  slightly  smaller  than  the  concentration  required  to  form  an  anisotropic  solution.  Thus,  for 
example,  F  decreases  with  increasing  R.  A  set  of  solution  of  PBT-53  and  PBT-53/nylon-66 
blends,  designated  by  the  code  C-R/F  was  prepared  in  our  laboratory.  The  latter  were 
developed  as  sequences,  each  sequence  containing  a  fixed  weight  percent  R  of  PBT-53  in  the 
solution  for  a  range  of  nylon-66  weight  percent  F. 

Weight  fractions  were  converted  to  concentrations  c  or  volume  fractions  (p  where  necessary 
by  the  assumption  of  volume  additivity  and  the  use  of  the  specific  volumes  0.69  cm^/g  for 
PBT  [26],  0.92  cm3/g  for  nylon-66  [27],  and  0,675  cm^/g  for  MSA.  all  at  25°C.  The  weight 
fraction  is  convenient  as  a  measure  of  the  concentration  that  is  independent  of  temperature, 
whereas  the  mass  per  volume  concentration  c  often  is  more  natural  for  comparison  of 
experiment  and  theory. 

Rheological  Measurements.  With  the  exception  of  a  few  viscosity  measurements  on 
solutions  of  nylon-66  at  low  concentration  made  in  suspended-level  Ubbelhode  viscometers, 
all  rheological  measurements  were  made  using  a  custom  rheometer  described  elsewhere  [28], 
following  methods  discussed  in  detail  in  references  [5-7].  In  particular,  the  rheometer  utilizes 
a  cone-and-plate  geometry,  and  permits  measurement  of  J(t)  and  R(t),  in  creep  and  recovery 
experiments,  or  may  be  used  to  monitor  the  stress  c(t)  on  imposition  of  a  ramp  strain  at  strain 
rate  k,  including  the  steady-state  stress  used  to  compute  T|k.  or  the  stress  during  relaxation 
following  steady  flow.  The  rheometer  is  well-sealed  against  contamination  by  moisture. 

Rheo-optical  measurements  were  made  as  described  in  reference  [5],  in  an  apparatus  with 
glass  parallel  plates.  The  flow  birefringence  Ani3  is  measured  either  in  steady  flow  at  shear 
rate  k,  or  during  relaxation  following  steady  flow.  In  these  experiments  the  nylon-66 
component  contributes  negligibly  to  the  measured  retardation,  from  which  Ani3  is  computed. 

RESULTS 

Phase  Equilibria  Ternary  diagrams  are  given  in  Fig.  13  and  Fig.  14,  showing  the 
compositions  studied,  as  well  as  compositions  found  to  be  biphasic.  The  circles  represent 
compositions  prepared  by  direct  dissolution  of  the  polymers  in  the  appropriate  amount  of 
solvent.  The  triangles  represent  solutions  prepared  by  addition  of  nylon-66  to  a  previously 
prepared  solution  (usually  the  composition  given  by  the  circle  or  triangle  with  next  lowest 
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nylon-66  concentration).  The  latter  were  not  used  for  rheological  studies.  The  diagrams  also 
illustrates  compositions  for  which  the  solutions  were  isotropic  or  nematic  at  25°C.  Apparent 
irregularities  in  the  latter  behavior  evident  in  Fig.  13  will  be  discussed  below. 

Linear  Viscoelasticity  Results  on  the  limiting  viscosity  T|  at  low  shear  rate  are  given  in  the 
following  for  solutions  in  MSA  of  nylon-66,  either  PBT-28  or  PBT-53,  blends  of  the  nylon-66 
and  PBT  polymers,  PBO,  PabBO,  and  blends  of  PabBO  and  PBO.  This  section  concludes 
with  a  paragraph  on  the  transient  recoverable  compliance  R(t). 

The  specific  viscosity  T|sp,  equal  to  TJrei  - 1,  with  qjpl  =  “n/ns.  was  studied  over  the 
concentration  range  0.0016  <  w  <  0.24  for  solutions  of  nylon-66  in  MSA  at  297K.  Here,  the 
solvent  viscosity  Tisis  1 1.7  mPa.s  at  297K,  and  dlmi^dT**  =  2800K.  (The  difference  between 
Tirei  and  lisp  is  negligible  except  for  the  lowest  c).  A  semi-empirical  expression  based  on  Eqn. 
(6)  found  to  represent  the  measured  Tisp  for  nylon-66  solutions  with  c  <  0.2  g/cm^  is  given 
below  (see  Eqn.  17).  It  is  hoped  that  this  expression  might  prove  to  be  generally  useful  for 
nylon-66  solutions  in  the  stipulated  range  of  c.  The  viscosity  average  molecular  weight  Mw  = 
61,000  is  computed  from  the  intrinsic  viscosity  in  96%  sulfuric  acid  using  the  relation  [t|]  = 
KMv®-^^,  with  K  =  0.1 15  for  (tiJ  in  cmVg  [27].  In  the  concentration  range  of  interest,  the 
excluded  volume  chain  expansion  factor  is  expected  to  vary  appreciably  with  c  [16,29].  In  the 
following,  this  variation  is  estimated  from  the  expression  (for  c  small  enough  that  a  >  1)  [16] 

a2  =  aVl  +  ([ti]c)2)-0-125  (16) 

where  ocq  is  the  expansion  factor  at  infinite  dilution.  The  latter  is  estimated  as  ([ti]/[ti]o)'^, 
where  [q]o  =  KMy^  with  K  =  0.227  for  [TiJo  in  cmV  for  nylon-66  under  Floty  theta 
conditions  [27].  Thus,  Cq  1.96  in  MSA  for  the  nylon-66  sample  used.  Making  use  of  Eqn. 

(16),  the  measured  iisp  may  be  represented  to  within  4  percent  for  c  <  0.2  g/cm^  by  the  semi- 
empirical  form  (see  Eqn.  (6)) 

Tisp  =  0.080(c/p)l/2cMwa2[l +(cMwa2/pMc)2‘^^]^/Eft  (17) 

at  297K,where  Me  =  4210,  p  =  1.087  g/cm3,  and  e  =  2.  The  factor  in  the  square  brackets 
represents  E.  For  the  range  of  c  of  principal  interest  here,  cM^a^  <  pMc,  and  consequently 
Tisp  The  principal  fitting  parameters  in  Eqn.  (17)  are  0.080 and  Me;  the  parameter  e 

is  less  critical,  mostly  infiuencing  the  function  in  the  range  cMy^a^/pMc  <  1.  The  empirical 
value  for  Me  is  in  good  agreement  with  the  estimate  40(X)  calculated  with  the  "universal" 
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constant  NaXc  =  240  nm  both  being  smaller  than  the  estimate  5000  reported  for  the 
similar  poly(e-caprolactam),  nylon-6,  based  on  data  on  the  melt  at  263°C  [11].  The  factor  Q 
is  csentially  unity  for  c  less  than  about  0.2  g/cm^  (the  range  of  c  of  interest  here),  but  increases 
with  increasing  c  for  larger  c.  Accordingly,  T|rei  is  only  weakly  dependent  on  temperature  T 
for  the  lower  c  studied,  but  8lnTlrei/3T-l  increases  with  increasing  T  for  the  solutions  with 
larger  c.  Studies  over  the  relatively  narrow  temperature  span  286  to  346K  gave  the  result 

3lnTirei/3T-l  =  75(X)w  (18) 

over  the  span  0.03  <  w  <  0.1;  8lnTirei/9T-*  is  larger  than  predicted  by  Eqn.  (18),  and  increases 
with  decreasing  T  for  the  highest  w  studied  (w  =  0.24).  The  data  are  too  limited  to  permit 
further  analysis  of/in  terms,  say,  of  free  volume  parameters  [11^1]. 

The  viscosities  of  isotropic  solutions  of  PBT-53  and  PBT-28  (no  nylon-66  component)  and 
mixtures  of  PBO  and  PabBO  are  given  in  Tables  4  and  6,  respectively,  and  presented  in  Fig. 

15  and  16,  respectively.  In  the  latter,  the  data  are  in  the  form  tiAIsMwEti]  versus  cL^/Ml 
based  on  the  use  of  Eqn.  (1).  Values  of  Lw  =  MVMl,  using  Mw  computed  from  [Tj]  using 
Eqn.  (2),  were  found  to  be  1 18  and  200  nm  for  PBT-53  and  PBT-28,  respectively.  The 
viscosity  averaged  chain  length  Lq  computed  with  Eqn  (2)  was  converted  to  a  weight  average 
Lw  from  the  approximation  [26]  1^  »  LwOU/Lw)^^.  assuming  that  WLw  =  l.SThe  estimate 
for  Lt]  isrelatively  insensitive  to  d,  which  was  set  equal  to  1  nm,  e.g.,31nLq/3ln  d  » -0.1  [26] 
(Ml  =  220  nm  for  PBT).  The  curves  in  Fig.  15  represent  Eqn.  (1)  and  (4),  with  K 
=1.13x10'^  and  Na(cLw)n]/BMl)  =21.2  nm'*  on  the  one  hand,  or  Eqn.  (1)  and  (5)  with  K 
=1.76x10'^  and  Na(cLw)ni/B'Ml)  =  16.0nra*l,  with  £2  =  1  in  both  cases  for  solutions  of  PBT. 
The  former  estimate  for  K  is  similar  to  that  reported  elsewhere  [6],  but  the  corresponding 
Na(cLw)ni/BMl)  is  larger  (by  45%).  This  may  reflect  a  small  extent  of  association  of  the 
chains  in  parallel  arrays,  resulting  in  increased  Ml  (in  comparisonmwith  Ml  =  220  nm'^  for  a 
single  chain),  with  minor  effect  on  M[t)]  [26].  The  constant  K  includes  the  effects  of 
molecular  weight  dispersion,  being  proportional  to  (Lz+i/Lz)2(Lz/Lw)^  accordingcoto  one 
model  [30].  Thus,  the  value  of  K  reported  here  may  be  larger  than  would  be  observed  with  a 
solution  of  a  monodisperse  rodlike  chadn.  The  data  in  Fig  16  for  solutions  of  PBO  could  be 
fitted  similarly,  with  K  =  0.86  x  10~^  and  B  =  0.96,  as  shown  by  the  solid  line  given  in  the 
figure. 
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Studies  of  the  temperature  dependence  of  Tirel  for  solutions  of  PBT-53  in  MSA  over  the  span 
0.01  <  w  <  0.026  gave  01n(T\rci)/6T-l  =  1265K,  independent  of  the  polymer  concentration. 

This  weak  dependence  on  temperature  will  be  discussed  below. 

Viscosities  of  the  isotropic  solutions  of  the  blends  in  series  A  are  also  given  in  Table  4  and 
Fig.  15.  In  the  latter,  T|rej(Mw[Tl])R  is  plotted  against  (cLw)r/Mli  where  the  subscript  R 
denotes  the  rodlike  PBT  component  in  the  solution.  Thus,  (cLw)r  is  the  product  of  the 
concentration  cr  of  the  rodlike  polymer  and  its  length  Lw-  Data  on  mixtures  of  PBO  and 
PabBO  are  given  in  Table  6.  The  sometimes  substantial  enhancement  in  T]  for  the  solutions  of 
the  blends,  relative  to  T)  for  the  comparable  solution  free  of  nylon-66  will  be  discussed  in  the 
next  section.  Similar,  but  smaller  trends  may  be  observed  for  the  viscosities  of  the  isotropic 
blends  in  series  C  given  in  Table  5.  The  temperature  dependence  of  ti  for  the  solution  of  the 
blends  in  either  series  A  or  C  was  within  experimental  error  of  that  for  the  comparable 
solution  of  PBT  free  of  nylon-66. 

Measurements  of  R(t)  were  possible  with  solutions  of  nylon-66  (free  of  PBT)  having  w  2: 

0.13.  The  results  for  one  case  are  given  in  Fig.  17  to  illustrate  the  viscoelastic  time-scale  for 
the  solution  — Xc  =  3.30  s  for  the  data  in  Fig.  17.  Data  on  R(t)  were  obtained  for  most  of  the 
blend  solutions;  results  are  shown  in  Figs.  17  and  18.  As  shown  in  Figs.  17  and  18,  reduced 
plots  of  R(t)/Ro(®J  versus  t/Xc  superpose  for  the  blends  and  the  nylon-66  free  solutions  of  PBT. 
In  all  cases,  the  data  could  be  fitted  to  within  experimental  error  by  the  use  of  Eqn.  (9),  and 
were  analyzed  to  obtain  the  rv  -  Xy  set  needed  to  fit  Eqn.  (9)  to  the  data.  (Four  contributions 
were  usually  required,  with  0.1  <  (Xy  /Xc)  <  30).  Tyjpical  resulting  fits  are  shown  in  Fig.  17  for 
series  A  samples. 

Reduced  linear  viscoelastic  data  for  solutions  of  PBO,  PabBO  and  their  mixtures  are  given  in 
Figs.  19, 20  and  21,  respectively.  The  use  of  compliances  reduced  by  Rq^^^  and  the  reduced 
time  t/Xc  is  seen  to  result  in  reduced  curves  over  the  concentration  range  studied. 

Transient  Nonlinear  Viscoelasticity  In  reference  [6]  on  isotropic  solutions  of  rodlike 
PBT,  and  on  solutions  of  flexible  chain  polymers  {19,24J,  it  has  been  found  that  the  transient 
nonlinear  viscoelastic  behavior  admits  to  a  strain  criterion  such  that  the  viscoelastic  behavior 
is  linear  for  strains  Y(t)  less  than  a  critical  value  y,  regardless  of  the  stress  or  the  rate  of  strain. 
Similar  behavior  was  observed  for  the  solutions  of  the  blends.  As  shown  in  Figs.  17  and  18 
for  typical  data,  this  behavior  is  conveniently  revealed  in  plots  of  A'Kt)  =  o[J<j(t)  -  X)(t)] 
versus  Tit),  where  Ja(t)  is  the  creep  at  stress  o  and  Jo(t)  is  the  linear  creep  compliance  (which 
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is  independent  of  o).  For  Y(t)  <  y,  Ay^t)  is  zero,  with  deviation  from  zero  developing  at 
common  yft)  =  y  for  any  a  large  enough  that  Tc^  exceeds  about  unity  under  steady  flow  at 
shear  rate  k.  Since  AyCt)  must  be  linear  in  y(t)  for  large  yft),  a  simple  linear  extrapolation  is 
used  to  define  y,  as  shown  in  Fig.  21.  The  results  gave  y  equal  to  0.5  for  A  - 1.10/1.10  and 
0.6  for  C  -  2.57/0.45  and  C  -  2.60/0.69.  These  are  smaller  than  reported  in  reference  [6]  for 
PBT  solutions  at  comparable  concentration  of  the  rodlike  polymer. 

The  observation  of  a  maximum  in  the  stress  a(t)  under  deformation  at  constant  strain  rate  k  > 
Xc*^  is  another  feature  usually  found  with  flexible  chain  polymers  [19,22,24]  and  reported  for 
solutions  of  PBT  in  reference  [6].  Frequendy,  the  strain  y  =  ictm  at  the  rime  tm  for  the 
maximum  stress  is  nearly  independent  of  k,  unless  is  very  large.  Of  course,  y  >  y,  and 
often  y  is  about  2  [19,22,24].  Values  of  y’  were  found  to  be  in  the  range  1.5  to  2.0  for  the 
broad  maxima  observed  with  samples  of  series  A. 

Additional  nonlinear  transient  viscoelastic  and  rheo-optical  behavior  is  shown  in  Fig.  17  for 
solutions  of  Series  A.  In  this  case,  the  stress  and  the  birefringence  determined  following 
relaxation  of  steady  flow  were  used  to  compute  fl(t)/T]K  =  <J(t)/ass  and  M(t)/MK  = 
Ani3(t)/(Ani3)ss,  where  Css  and  (Ani3)ss  are  the  stress  and  flow  birefringence  in  steady-state 
flow  at  shear  rate  k,  respectively — Mk  and  T|k  are  discussed  in  the  preceding.  Data  shown 
for  a  variety  of  k  and  compositions  are  observed  to  superpose  when  plotted  as  a  function  of  a 
reduced  time  t/^K  where,  Pk  is  about  equal  to  Pk  =  see  the  insen  in  Fig.  22.  Since 

^  tct  the  relaxation  is  faster  in  the  nonlinear  case  than  for  linear  behavior.  The  solid  lines  in 
Fig.  22  are  discussed  below.  As  may  be  seen  in  Fig.  22,  the  stress  relaxes  much  more  rapidly 
than  the  birefringence.  Similar  behavior  has  been  reported  for  both  rodlike  (see  reference  [6]) 
and  flexible  chain  polymers  [31]. 

Steady-State  Nonlinear  Visocelasticity  Solutions  of  nylon-66  exhibited  nonlinear  behavior 
over  the  range  of  shear  rates  studied  (k<  10  s*^)  only  for  the  highest  concentration  studied.  As 
usual  [19],  reduced  plots  of  ilK/qo  versus  XcK  superposed  for  these  data.  Since  Xc  should  be 
about  proportional  to  cTjo  for  these  solutions,  and  is  only  3.3  s  (at  298K)  for  the  highest  c 
studied,  the  suppression  of  nonlinear  behavior  at  the  lower  c  under  the  conditions  studied  is 
reasonable. 

The  nonlinear  viscoelastic  behavior  of  PBT  solutions  has  been  reported  in  referencse  [6].  The 
data  obtained  here  are  in  accord  with  those  results.  Namely,  both  xIkAIo  and  are 

functions  of  XcK,  independent  of  T,  and  essentially  independent  of  c.  Reduced  plots  of  tik/tIo, 
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AnisRo^^^  vs.TcK  for  most  of  the  blends  (as  well  as  the  nylon-66  free  solution)  are 
given  in  Figs.  23, 24  and  28  for  solutions  of  PBT  and  nylon,  and  in  Figs  25-27  for  PBO, 
PabBP  and  their  mixtures.  These  reduced  plots  include  data  at  various  temperatures,  but  since 
they  are  all  independent  of  T  over  the  range  studied,  in  the  interest  of  clarity,  the  values  of  T 
are  not  indicated  for  the  data  on  series  C.  The  reduced  data  for  the  PBO/PabBO  blends  are 
seen  to  coincide  for  the  compositions  studied. 

DISCUSSION 

Phase  Equilibria.  The  phase  equilibria  data  are  compared  with  calculations  using  relations 
due  to  Flory  [3]  in  Fig.  13  and  14„  A  ratio  x  of  the  molar  volumes  of  polymer  and  solvent  of 
260  for  PBT-53, 280  for  PBT-28,  and  800  for  nylon-66;  an  axial  ratio  Of  145  was  used  for 
PBO,  The  values  of  x  for  the  lodlike  chains  were  chosen  to  reproduce  the  phase  transition  for 
the  nylon-free  solutions.  The  value  of  x  for  the  flexible  chain  is  not  too  critical,  having 
modest  affect  on  the  calculated  coexistence  curve.  The  calculated  isotropic  binodal  is  in 
reasonable  accord  with  the  experimental  results  for  series  C  samples — too  few  data  are 
available  for  an  assessment  with  series  A  samples.  Quantitative  agreement  would  be 
unexpected  since  the  calculated  curves  are  for  monodisperse  solutes.  There  are,  however, 
some  notable  exceptions  in  Fig.  13,  for  which  compositions  were  found  to  be  isotropic,  even 
though  a  related  composition  with  the  same  weight  fraction  of  PBT,  but  lower  weight  fraction 
of  nylon-66,  or  vice-versa,  was  found  to  be  nematic.  This  unexpected  behavior  is  attributed  to 
inadvertent  contamination  by  a  small  amount  of  moisture.  It  is  known  that  nematic  solutions 
of  PBT  may  be  transformed  to  isotropic  solutions  by  the  slow  gain  of  moisture  from  the 
atmosphere  [32].  It  is  believed  that  this  effect  is  caused  by  association  of  the  rodlike  chains 
with  their  axes  parallel,  thereby  reducing  the  number  of  rodlike  entities  per  unit  volume  below 
the  value  required  for  a  stable  nematic  phase.  Since  this  same  association  can  drastically  alter 
rheological  behavior  (see  reference  [6]),  rheological  data  obtained  on  the  solutions  so  affected 
are  not  reported  here. 

Linear  Viscoelasticity  As  anticipated  in  the  Introduction,  for  the  compositions  of  interest 
here,  the  nylon-66  solutions  have  much  lower  ti  than  do  the  PBT  solutions.  Nevertheless,  as 
may  be  seen  in  Tables  4  and  5  and  Fig.  21,  the  solution  of  a  blend  may  have  larger  viscosity  q 
than  a  solution  of  PBT  at  the  same  weight  fraction  PBT  as  in  the  blend.  At  the  same  time,  as 
shown  in  Fig.  17,  for  the  most  part,  the  dependence  of  R(t)/Ro<^>on  t/tc  is  independent  of  the 
concentration  of  nylon-66.  This  implies  that  the  underlying  distribution  of  retardation  times 
scales  as  Xy/Xc  for  the  nylon-66  concentration  range  studied  here,  despite  the  sometimes  large 
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effects  on  Ti.  It  may  be  noted  that  the  enhancement  in  tj  is  more  pronounced  for  blends  with 
the  longer  rodlike  chain. 

The  effects  described  above  are  attributed  to  the  disparity  between  the  elementary  relaxation 
times  Tr  and  Xp  for  the  rodlike  and  flexible  chains,  respectively.  Here,  and  in  the  following, 
the  subscripts  R  and  F  designate  properties  for  the  rodlike  and  flexible  chains,  respectively. 

An  estimate  of  Xr  is  given  by  the  theory  of  rodlike  chain  dynamics  as  the  time  required  for  a 
chain  to  undergo  translation  diffusion  along  its  own  length  by  one  chain  length  [8]: 

Xr  «  fL2/D||.o  (19) 

where  D||,o  is  the  diffusion  coefflcient  at  infinite  dilution  for  translation  parallel  to  the  chain 
axis,  and  f  is  the  crowding  factor  accounting  for  constraints  in  a  concentrated  system  (see 
Eqns.  (4)  or  (5));  L2/D||,o  is  equal  to  48T|sM[ti]/RT  for  a  rodlike  chain  [12].  In  fact,  Xr  is  used 
in  the  estimate  of  t]  for  the  rodlike  chains,  with  T]  v(Lya)2xR  in  the  model  leading  to  Eqn. 

(3),  where  a  is  the  mean  separation  of  rodlike  chains  perpendicular  to  their  axes  [8,13].  If  this 
same  form  is  preserved  in  the  blends,  as  seems  reasonable  if  Xr  »  xp,  then  the  effect  of  the 
flexible  chain  on  T|  must  be  attributed  to  effects  on  the  crowding  factor  f.  In  this 
approximation,  it  is  assumed  that  the  factor  Q  in  Eqn.  (3)  is  not  effected  by  the  low 
concentration  of  nylon-66  added,  as  may  be  reasonable  since  12  is  expected  to  depend  on  local 
friction.  Furthermore,  this  is  consistent  with  the  identical  dependence  of  the  viscosity  on 
temperature  observed  for  solutions  of  PBT  and  blends  of  PBT  with  nylon-66. 

As  presented  in  Eqns.  (4)  or  (5),  f  scales  as  the  thermodynamic-like  parameter  cL/Ml«ni, 
multiplied  by  a  factor  (i.c.,  B  or  B').  The  parameter  ttNi  is  a  measure  of  the  proximity  of  a 
given  solution  to  the  isotropic-nematiemphase  transition.  The  conjestion  that  drives  the  latter 
being  reflected  in  enhanced  f  as  cL/MlOCni  approaches  unity  for  isotropic  solutions.  In  studies 
on  isotropic  solutions  of  PBT  and  other  rodlike  chains,  Eqn.  (4)  has  been  found  to  represent  f 
needed  to  fit  Eqn.  (3)  to  experiment  [6J.  It  seems  reasonable  to  assume  that  f  may  still  be 
expressed  with  Eqn.  (4)  or  (5)  for  the  blends,  with  a  revised  definition  for  ttNi  to  account  for 
the  additional  constraints  imposed  by  the  flexible  chain  polymers  [33].  To  estimate  the  latter, 
we  consider  solutions  with  fixed  cr/cr  (and  fixed  Lr  and  Lp),  such  that  the  solutions  approach 
phase  separation  with  decreasing  solvent  concentration,  i.e.,  for  compositions  defining  a 
straight  line  passing  through  the  apex  (cr  =  cp  =s  0)  in  Fig.  13.  The  concentration  (cr)ni3  of 
the  rodlike  chain  along  such  a  line  at  the  condition  for  phase  separation  will  be  used  to 
estimate  apn — an  example  is  given  in  the  upper  part  of  Fig.  13  for  (cr)isii3  for  solution  C  - 
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1.27/0.90,  using  a  theoretical  result  for  the  coexistence  curve  discussed  in  the  preceding.  Of 
course  (cr)ni.b  is  smaller  than  the  concentration  (cr)ni  obtained  with  cp  =  0,  and  therefore  its 
use  results  in  enhanced  f  and  t]. 

Sufficient  data  are  available  on  phase  equilibria  for  series  C  to  estimate  (cr)ni3/(cr)ni  and 
hence  T|/t|r  using  Eqn  (3),  along  with  either  Eqns.  (4)  or  (5).  Here,  tir  is  the  viscosity  for  a 
solution  containing  no  flexible  chain,  but  with  the  same  concentration  of  rodlike  chains  as  that 
in  a  blend  having  viscosity  Ti.  Use  of  the  coexistence  curve  given  by  the  solid  line  shown  in 
Fig.  13  results  in  the  estimates  for  •n/qR  given  in  Fig.  29  for  the  C  series  with  wr  »  0.0128  ((pR 
«  0.013).  As  shown  in  Fig.  29,  this  approximation  is  reasonably  good  for  solutions  with  (pp  ^ 
0.015  (somewhat  better  with  Eqn.  (5)  than  with  Eqn.  (4)),  but  overestimates  q/qR  for  larger 
(pp.  Apparently,  in  this  case  the  constraints  that  induce  the  phase  separation  as  tpp  approaches 
the  critical  value  (ca.  0.025)  for  phase  separation  for  the  fixed  <Pr  •  0.013  do  not  result  in  a 
corresponding  restriction  on  the  chain  dynamics.  Effectively,  in  this  case  B  or  B’  must 
decrease  markedly  as  9f  approaches  its  critical  value  if  it  is  assumed  that  q  is  given  by  the 

approximation  discussed  above. 

Since  limited  material  made  it  impossible  to  carry  out  detailed  phase  equilibria  studies  on 
series  A,  we  rely  instead  on  the  Flory  model  to  estimate  the  coexistence  curve.  The  result 
given  for  the  latter  in  Fig.  13  using  X2  =  280  and  X3=  800  is  used  for  the  latter.  Since  the 
series  A  solutions  are  not  at  either  constant  <pp  or  <Pr/9f,  it  is  not  convenient  to  compare  the 
predicted  and  experimental  results  as  in  Fig.  29.  One  can,  however,  compute 
(cR/B)NijB/(cR/B)Nifrom  q/qR  using  Eqn.  4,  or  (cr/B’)ni.b’/(crB‘)ni  using  Eqn.  5  for 
comparison  with  the  values  or  (cr)ni3/(cr)ni  estimated  from  the  phase  diagram.  The  results 
show  that  (cr/B)kijr/(cr/B)ni  is  close  to  the  predicted  (cr)ni,b/(cr)ni.  with  no  change  in  B  for 
cp  <  0  025,  but  would  require  B  to  decrease  by  ca.  five  percent  as  cp  increases  to  0.03.  A 
larger  decrease  in  B'  at  all  Cp  would  be  required  to  fit  die  observed  q/qR  using  Eqn.  5. 

We  remark  that  over  a  limited  range  of  compositions,  q/qR  is  approximately  proportional  to 
Or/Os  for  some  of  the  series  A  samples.  This  is  considered  to  be  a  consequence  of  the 
approximate  power-law  behavior  of  f  over  a  limited  range  on  c.  Thus,  over  a  limited  range  of 
the  argument,  (1  -  x)'^  «  x7,  where  y  depends  on  the  range  of  x  covered.  Thus,  for  the  series 
A  samples  with  9f  <  0.2,  use  of  the  power-law  approximation  to  Eqn,  (4)  gives  f «« 
(BcrLw/MlO^)*  Moreover,  for  the  corresponding  range  of  9f,  inspection  of  the  phase 
diagrams  gives  (cr)n[I3/(cr)ni  •  26  9f0  *.  Consequently,  for  these  limited  conditions,  q/qR  « 
1800  9f^  '^.  By  coranarison,  for  the  nylon  solutions,  q^p  »  6800  9f*  '‘,  It  follows  that  for  the 
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stipulated  concentrations,  Tj/TiR  is  about  pxoportional  to  Tlp/ni-  Although  the  proportionality 
with  TjF/tls-  similar  to  that  predicted  for  the  dependence  of  the  rotational  diffusion  constant 
of  a  long  rod  molecule  in  a  polymer  melt  [34],  the  source  is  deemed  different,  and  no 
fundamental  significance  is  attributed  to  the  approximate  proportionality  observed  here.  To 
the  contrary,  with  decreasing  cr  and  increasing  cp,  ti/t]r  is  much  smaller  than  rip/rij.  The  data 
on  R(t)  for  the  solutions  of  the  blends  are  remarkable  in  that  R(t)/Ro^^^  appears  to  depend  only 
on  xjxc  for  <lata  at  constant  cr,  over  a  range  of  cp,  c.g.,  see  Fig.  21.  Qualitatively,  this  is 
consistent  with  the  models  disucssed  above,  in  which  the  principal  contribution  to  the 
viscosity  is  attributed  to  the  constrained  rotational  diffusion  of  the  rodlike  components  in  the 
blend.  We  are  unaware  of  any  detailed  calculations  on  this  behavior. 

The  breadth  of  the  distribution  of  relaxation  times  may  be  characterized  by  the  ratio  of 
successivetW,  where 


rgvtv’'-^ 


(20) 


Here,  the  prime  stipulates  that  the  summation  is  over  only  the  terminal  part  of  the  relaxation. 
Thus,  tc  is  given  by  x<2)  in  this  terminology.  The  data  on  the  PBT  solutions  studied  here  give 
x(2)/t(I)  equal  to  30  and  5  for  PBT-28  and  PBT-53,  respectively,  about  independent  of  cr. 
These  values  are  both  larger  than  predicted  for  monodisperse  rodlike  chains  [23],  and 
probably  indicate  that  the  molecular  weight  distribution  is  more  broad  for  PBT-28  than  for 
PBT-53.  Since  the  shape  of  the  reduced  R(t)/Ro<^)  vs,  t/tc  are  independent  of  cp  at  fixed  cr, 
the  addition  of  nylon-66  does  not  change  t(2)/x<i). 

The  disparity  between  the  rheological  properties  of  PBT  and  nylon  simplified  the  preceding 
analysis  in  some  respects.  A  slightly  more  complicated  representation  is  needed  for  the 
PBO/PabBO  blends  as  the  two  components  have  similar  rheological  properties.  In  particular, 
the  shear  modulus  GB(t)  for  the  blend  could  be  expressed  in  terms  of  the  shear  moduli  GR(t) 
and  GF(t)  for  the  rod  and  flexible  chain  components  as 

GB(t)  =  WR'*’GR(t/tR’ )  +  (21) 

Here,  wr  and  wp  arc  the  weight  fractions  of  the  rod  and  flexible  chain  components, 
respectively,  Xr’  and  xp'  are  certain  average  time  constants  associated,  respectively,  with  the 
dynamics  of  these  chains  as  they  exist  in  the  blend,  and  r  and  fare  empirical  exponents, 
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expected  to  lie  between  zero  and  some  small  number.  It  is  assumed  that  the  moduli  GR((/tR’ ) 
and  GpCt/tF  )  arc  similar  to  the  corresponding  moduli  for  the  individual  solutions  with  Tr'  and 
Xp  replaced  by  the  time  constants  Xr  and  xp  for  those  materials,  respectively.  As  the 
relaxation  spectra  for  the  blends  and  the  component  solutions  all  have  similar  shapes,  albeit 
shifted  on  the  time  scale,  this  assumption  seems  to  be  reasonable.  One  consequence  of  this  is 
that  the  nonlinear  flow  cu  -ves  of  the  viscosity  versus  the  shear  rate  may  all  be  superposed. 

The  disparity  between  GrIi/tr'  )  and  Gp(t/Xp  )  simplified  the  analysis  of  the  rheological 
behavior  of  PBT/nylon  blends.  Conversley,  their  similarity  <  omplicates  the  description  of  the 
rheological  behavior  of  PB)/PabBO  blends.  Thus,  f  was  set  equal  to  zero  for  the  PBT/nylon 
case,  and  the  contribution  due  to  Gpit/Xp’ )  was  neglected  for  the  time  range  and  properties  of 
interest  owing  to  the  large  separation  between  Xr*  and  Xp  in  that  system. 

In  any  case,  the  viscosity  is  then  given  as  usual  by  Eqn.  1 1  with  m  =  2,  and  F(y)  =  1.  to  give 
the  result 


tIb  =  WR‘r(XRVxR)TiR  +  wf*%fVxf)t1f  (22) 

where  tir  and  T|f  are  the  viscosities  of  the  rod  and  flexible  chain  component  solutions, 
respectively.  Arguments  on  the  scaling  behavior  of  flexible  chains  discussed  in  the  preceding 
give  Xp/Xp  =  -3f/2  ,  with  f  =  5/4.  The  estimate  for  Xr’/xr  is  made  following  the  procedure 
discussed  above  (r  is  set  equal  to  zero  above).,  as  in  that  work.  Thus 

tR'/XR  =  f(CR/CRt)/f(CR/CRtt)  (23) 

where  cr  is  the  concentration  of  the  rod  component  in  the  mixture,  CRt  =  (cr)ni  is  the 
concentration  of  the  rod  required  to  form  a  nematic  phase  in  the  absence  of  any  flexible  chain, 
CRtt  =  (cr)ni,b  is  the  latter  in  the  blend,  and  f  is  the  "crowding  function"  discussed  above. 

The  procedure  to  determine  CRtt  from  the  phase  diagram  discussed  is  discussed  above. 

The  above  expression  for  tib  differs  from  that  discussed  for  the  PBT/nylon  case  only  by 
inclusion  of  the  second  term,  made  necessary  here  as  qp  is  not  much  smaller  that  tir,  as  was 
the  case  in  the  study  on  PBT/nylon  mixtures.  As  shown  in  Fig.  30,  the  expression  provides  a 
reasonable,  though  imperfect,  fit  to  the  experimental  results  on  the  PBO/PbO  blends. 
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Transient  Nonlinear  Viscoelasticity.  As  might  have  been  anticipated,  the  strain  criterion 
observed  here  for  onset  of  nonlinear  creep  with  solutions  of  the  blends  is  like  that  found  for 
solutions  of  both  rodlike  and  flexible  chains.  Moreover,  the  relaxation  behavior  shown  in  Fig. 
22  is  like  that  reported  in  reference  [6]  for  solutions  of  PBT.  As  discussed  in  reference  [6], 
’Ik(0A1k  andMK(t)/MK  may  be  approximated,  respectively,  as 


MK(t)/MK  =  Mo(t/PK)/H) 

where 

floft/Tc)  ^  r  gyXyCXpf-t/Cc) 

"no  ^'Sv^v 

Mo(t/tc)  ^  £'  gvTv^exp(-t/Cc) 
rgvTv^ 


(24) 

(25) 


(26) 

(27) 


and  pK  is  a  parameter,  see  below.  These  expressions  are  reasonable  approximations  to  results 
calculated  with  Eqn.  (1 1),  along  with  the  use  of  Eqn.  (12)  for  ^(t)  (sec  reference  [6]).  In  the 
latter  expression,  Mo(t)  is  the  limiting  behavior  of  MK(t)  for  small  k,  and  M©  is  equal  to 
2CRo^^^  As  shown  in  the  insert  to  Fig.  21,  the  same  Pk  is  determined  for  data  on  flsd/tc) 
and  MK(t).  Moreover,  as  shown  in  the  same  insert,  Pk  is  very  close  to  the  parameter  = 

calculated  from  data  on  the  steady-state  viscosity  tJk  and  the  recoverable  compliance 
Rk^S)  following  cessation  of  (nonlinear)  flow  at  strain  rate  k.  In  this  context,  Tk,  which  is 
smaller  than  tc.  serves  as  a  measure  of  the  more  rapid  relaxation  observed  following  steady- 
state  flow  in  the  nonlinear  range,  i.e.,  for  tcic>  1  [6]. 

Steady-State  Nonlinear  Behavior.  The  scaling  of  R(t)/Ro^^^  with  i/Xq  as  a  function  of  cp  for 
fixed  CR  means  that  the  reduced  steady-state  properties  "nK/Tlo.  Rx^^VRo^^^  and  Mk/Mo  should 
scale  with  TcK  unless  the  function  Ffy)  in  Eqn.  (1 1)  depends  on  cp.  As  shown  in  Figs.  23-27, 
the  expected  behavior  is  obtained  with  the  systems  studied  here.  The  broader  relaxation  time 
distribution  (larger  t<2)/x(i))  for  PBT-28  in  comparison  with  PBT-53  is  reflected  in  a  slower 
decrease  of  flu/Tlo  with  increasing  tcK  for  solutions  with  PBT-28.  The  reduced  curves  for 
Rk^^VRo^^^  and  Mk/Mo  versus  tcK  could  be  fitted  by  the  use  of  Eqn.  (1 1)  in  the  forms 
represented  by  Eqns.  (13)  and  (14),  respectively — the  details  of  this  calculation  are  discussed 
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in  reference  [6].  An  example  of  the  fit  is  given  in  Fig,  23  for  data  on  A- 1.54/0  and  A- 
1.43/0,96 — comparable  fits  were  obtained  in  all  cases.  In  these  calculations  |5  was  treated  as 
an  empirical  parameter,  in  the  expectation  that  would  be  close  to  the  value  (3“l  =  Y'[l  + 
(y/V)  -  appearing  in  Eqns.  (1 1)-(15).  In  fact,  was  found  to  be  4, 17  for  a 

nylon-66  solution  (wp  =  0.24),  and  about  2.5  for  the  solutions  of  the  blends.  The  calculated 
curves  are  limited  to  relatively  low  XcK  (<  ca,  10)  since  the  data  on  Ro(t)  did  not  include 
results  for  t/Xc  <  ca.  0.1. 

The  results  on  Mk/Mq  arc  less  well  represented  by  the  use  of  Eqn.  (1 1),  as  represented  by  Eqn. 
(15).  As  may  be  seen  in  Fig.  28,  the  data  on  Ani3Ro(S)  versus  XqK  do  conform  essentially  to  a 
single  reduced  curve,  but  the  behavior  at  low  k  is  unexpected.  Values  of  2C’  =  Mo/R<j(^l 
entered  in  Tables  4  and  5  were  obtained  by  fitting  Eqn.  (15)  to  the  experimental  data  for  XcK  > 
ca.  0.3.  The  results  are  in  good  agreement  with  C  reported  in  reference  [6].  Although,  Mk 
was  not  obtained  for  t^K  <  0.2  for  solutions  in  series  A,  data  were  obtained  for  as  low  as 
0.02  for  solutions  in  series  C  In  every  case,  the  latter  gave  larger  Mk  (or  larger  Ani3Ro^^^) 
than  expected  for  TcK  <  ca.  0.3.  That  is,  instead  of  reaching  the  limiting  value  2C  expected  at 
small  XcK,  Mk/Ro^^^ continued  to  increase  at  the  lowest  XgK  studied,  see  Fig.  28.  Similar 
behavior  was  reported  for  solutions  of  PBT  in  reference  [6].  The  reason  for  the  discrepancy 
at  small  XcK  is  unknown.  One  possibility  might  be  the  presence  of  a  small  fraction  of 
aggregates  of  the  rodlike  chains.  These  could  have  a  different  polarizability  than  the  single 
chain,  and  could  donunate  the  flow  birefringence  at  small  XgK,  but  make  a  negligible 
contribution  at  larger  XcK.  This  would  be  the  pattern  of  behavior  expected  with  Eqns.  (11)  and 
(15)  with  G(t)  having  a  few  components  at  very  large  Xy,  but  small  gy.  Nevertheless,  we  note 
that  solutions  with  sufficient  association  to  result  in  a  noticeable  decrease  in  Ti  exhibit 
suppressed  Mo,  reflecting  the  general  shift  of  the  distribution  of  relaxation  times  to  smaller 
values,  as  the  rotational  contraints  are  reduced  with  fewer  species.  A  similar  trend  was  noted 
for  the  effect  of  association  on  cni  in  reference  [6] . 

CONCLUSION. 

Rheological  and  rheo-optical  data  of  miscible  mixtures  of  rodlike  PBT  and  flexible  nylon-66 
in  solution  and  mixtures  of  PBO  and  PabBO  have  been  analyzed  to  show  that  most  of  the 
observed  behavior  can  be  placed  in  a  simple  and  consistent  frame.  The  set  of  reduced 
retardation  times  and  weights  (Xy/Xc  &ttd  ry)  for  the  solution  of  the  rodlUce  chain  is  found  to  be 
unchanged  by  addition  of  the  flexible  chain.  By  contrast,  the  viscosity  a  and  the  time  constant 
tc  =  change  considerably  on  addition  of  the  flexible  chain.  This  behavior  is  attributed 
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to  the  dominance  of  contributions  due  to  the  constrained  rotational  diffusion  of  the  rodlike 
component  on  the  rheological  properties  of  the  blend  The  set  of  reduced  relaxation  times  and 
weights  (Xy/Xc  and  gy)  deduced  from  the  set  of  reduced  retardation  times  and  weights  may  be 
used  with  a  single-integral  constitutive  equation  of  the  BKZ-type  to  predict  nonlinear 
behavior,  including  relaxation  of  the  stress  and  bircfrigcnce  following  steady-state  shear,  and 
steady-state  properties  such  as  the  viscosity,  the  recoverable  compliance  and  the  flow 
birefringence  as  functions  of  the  shear  rate.  A  discrepancy  in  the  latter  behavior  at  low  shear 
rate  may  reflect  a  small  fraction  of  associated  chains.  The  dependence  of  the  linear 
(Newtonian)  viscosity  of  the  solution  on  the  concentration  of  the  flexible  chain  is  believed  to 
reflect  the  proximity  of  the  composition  to  that  for  phase  separation  at  fixed  cr/cp.  similar  to 
the  behavior  with  binary  isotropic  solutions  of  rodlike  chains.  This  simplified  model  is  not 
expected  to  apply  under  all  conditions,  as  discussed  above. 
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TABLE  4.  Linear  viscoelastic  parameters  for  solutions  containing  PBT-28.® 


Sample*’ 

Ti/kPas 

Ro<®>/kPa** 

TC/S 

A- 1.75/0 

8.26 

50 

413 

A- 1.54/0 

2.8 

38 

105 

A-0.54/2.16 

0.20 

82 

17 

A-0.83/1.93 

2.8 

130 

359 

A-1.1 1/1.66 

17.6 

(120)d 

2,110 

A-1.10/1.10 

10.5 

75 

788 

A-1.43/0.96C 

16.5 

45 

742 

A-1.74A75 

111 

(89)<1 

9,880 

A- 1.95/0.49 

(251)« 

(77)d 

19,300 

^Entries  for  h  and  tc  inteipolatcd  to  T  =  297  K  by  multiplication  of  data  obtained  at  T  by  exp 
W(297-i  -T-1),  where  W  »  4065  K. 

first  and  second  numbers  jive  the  weight  precent  PBT-28  and  nylon-66  in  the  solution, 
respectively. 

^  /MPa  equal  to  4.0  for  this  solution. 
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TABLE  5.  Linear  viscoelastic  parameters  for  solutions  containing  PBT-53.® 


Sample** 

O/Pas 

Ro(S)/kPa'l 

tc/s 

/MPa  -1 

C-0.43/1.79 

5.51 

... 

... 

... 

C-0.87/0 

10.8 

8.0 

0.086 

3.4 

C-0.86/1.58 

24.0 

10.5 

0.25 

... 

C- 1.29/0 

38.0 

9.5 

0.36 

4.0 

C- 1.29/0.45 

46.2 

9.2 

0.43 

3.5 

C-1.28A).68 

51.2 

10.0 

0.51 

4.2 

C- 1.27/0.90 

57.0 

9.3 

0.53 

4.3 

C-1.27/1.12 

68.2 

12.0 

0.82 

4.0 

C- 1.28/1.35 

73.0 

12.0 

0.88 

••• 

C- 1.30/1.58 

76.0 

10.5 

0.80 

3.7 

C-1.29/1.81 

102 

8.8 

0.89 

... 

C- 1.7 1/0 

124 

11.5 

1.43 

2.6 

C- 1.70/0.67 

92 

8.2 

0.75 

4.2 

C- 1.72/0.89 

174 

12.2 

2.12 

4.2 

C-1.72/1.01 

153 

lO.O 

1.53 

C-1.73/1.13 

162 

9.7 

1.57 

3.0 

C-2.11/0 

305 

10.5 

3.20 

C-2. 11/0.45 

360 

13.0 

4.68 

3.8 

C-2. 14/0.67 

217 

9.0 

1.95 

2.8 

C-2. 11/0.77 

315 

11.0 

3.47 

•*» 

C-2. 18/0.92 

355 

10.5 

3.73 

1.8 

C-2.54/0 

730 

11.5 

8.40 

2.0 

C-2.54/0.22 

720 

11.0 

7.92 

3.0 

C-2.5 1/0.37 

810 

12.0 

9.72 

••• 

C-2.57/0.45 

1050 

12.5 

13.13 

1.1 

C-2.55/0.52 

(805)  (11.5) 

(9.26) 

... 

... 

=  297  K  except  for  enuies  in  parentheses;  in  the  latter  case,  the  measured  'n/  and  tc  for  T 
=  313  K  were  multipled  by  2.013  to  convert  to  the  equivalent  data  at  7"  =  297  K  had  the 
sample  remained  isotropic. 

^The  first  and  second  numbers  give  the  weight  percent  PBT-53  and  nylon-66  in  solution, 
respectively. 


68 


TABLE  6. 

Linear  viscoelastic  parameters  for  solutions  of  PBO,  PabBO  and 
their  mixtures 

Sample** 

■q/Pas 

Ro*^>/lcPa-l 

Tc/S 

00/1.00 

7.62 

6.6 

0.0503 

00/3.01 

46.4 

2.2 

0.102 

00/4.14 

620 

1.6 

0,992 

00/4.91 

1420 

1.1 

1.56 

00/6.10 

2910 

0.99 

2.88 

00/6.96 

4410 

1.4 

6.17 

1.04/00 

6.4 

1.96/00 

44.5 

1.1 

0.0410 

2.96/00 

179 

2.6 

1.17 

4.16/00 

1100 

4.4 

4.84 

4.92/00 

1410 

3.3 

4.65 

2.00/0.99 

290 

3.3 

0.957 

2.12/2.08 

1230 

3.6 

4.43 

1.98/3.10 

2050 

2.6 

5.33 

3.07/1.02 

565 

5.3 

2.99 

3.10/2.06 

1600 

4.8 

7.68 

3.05/3.05 

4210 

15 

63.2 

MSA 


MSA 


FIG.  13  Ternary  diagrams  for  blends  of  PBT  and  nylon-66  in  MSA.  The  unfilled  and  filled 
symbols  represent  isotropic  and  anisotropic  compositions,  respectively.  The  unfilled 
circles  designate  coii^)ositioiis  used  in  rheological  studies.  The  solid  curve  represents 
the  binodal.  and  the  heavy  dashed  line  gives  the  tic  lines,  calculated  as  described  in  the 
text  The  upper  and  lower  figures  are  for  series  C  and  A,  respectively.  The  light 
dashed  line  passing  though  the  apex  in  the  upper  figure  is  discussed  in  the  text. 
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MSA 


FIG.  14  Ternary  diagrams  for  blends  of  PBO.  The  unfilled  and  filled  synnbols  represent 

isotropic  and  anisotropic  compositions,  respectively.  The  unfilled  circles  designate 
compositions  used  in  rheological  studies.  The  solid  curve  represents  the  binodal. 
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FIG.  15  The  reduced  viscosity  tiAls(Mw[T]])R  versus  (NacLw/ML)R  for  solutions  of  PBT; 

series  A  (unfilled  circles),  and  series  C  (filled  circles),  where  ils  is  the  viscosity  of  the 
solvent.  The  symbols  vdth  a  pip  are  for  solutions  with  no  nylon-66.  The  solid  and 
dashed  curves  represent  the  use  of  Eqn.  (1)  with  Eqns.  (4)  or  (5),  respectively;  Q  =  1  in 
both  cases. 
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FIG.  16  The  reduced  viscosity  TlAls(Mw[Ti](a*/B))R  versus  (NbcLw/MlIr  for  solutions  of 

PBO,  where  Tls  is  the  viscosity  of  the  solvent.  The  solid  and  dashed  curves  represent 
the  use  of  Eqn.  (1)  with  Eqns.  (4)  or  (5),  respectively;  =  1. 
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FIG.  17  The  reduced  linear  recoverable  compliance  R(t)/Ro^^^  versus  reduced  time  t/t  for 
solutions  in  series  A  and  a  solution  of  nyion-66.  From  top  to  bottom,  A-1.54A),  A- 
1.1 1/1.66,  A-1.43/0.96  and  the  nylon  solution  (w  =  0.2381).  The  constant  in  the 
ordinate  separates  the  curves  by  0.5  units  for  clarity.  Values  of  t^  and  arc  given 
in  Table  4,  except  for  the  nyIon-66  solution,  for  which  0.00056  Pa'*  and  Xc  = 

3.3  s. 
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FIG.  18  The  reduced  linear  compliance  R(t)/Ro^^^  versus  reduced  time  for  solutions  in  series  C. 
The  data  are  grouped  in  compositions  with  (essentially)  common  rodlikc  polymer 
concentration,  with  the  samples  having  the  highest  concentration  of  rodlikc  polymer  at 
the  top  (i.c.,  from  top  to  bottom,  C-2/54/F,  C-2,ll/F,  C-1.72/F,  C-1.29/F,  and  C* 
0.86/R.  The  data  include  samples  with  no  nylon-66  (no  pip)  and  indicate  data  with 
increasing  nylon-66  as  the  pips  rotate  clockwise  from  straight  up.  The  constant  in  the 
ordinate  spearates  the  curves  by  0.5  units  for  clarity.  Values  of  Xc  and  arc  given 
in  Table  5. 
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fCfioNvr'itiHoo 


FIG.  19  Composite  plot  of  reduced  compliances  versus  t/tc  for  a  solution  of  PBO  (<p  =  0.0305): 

large  circle;  r(<a)/Ro^H  squares;  J(t)/Ro^^\  triangles,  and  R(t)/1^<^),  smaC 
circles.  The  upper  line  gives  J^{<oyRfP\  and  the  lowere  line  gives 
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FIG.  20  Composite  plot  of  reduced  compL’SJices  versus  t/tc  for  a  solution  of  a  blende  of  PBO 
and  PabBO  for  compositions  of  3. 10/2.06  (no  pips)  and  3.07/1 .02  (with  pips): 
J’(<o)/Ro^^^  large  circle;  J"((d)/Ro^^^  squares;  J(t)/Ro^®^  triangles,  and  R(t)/ko<^^  small 
circles.  The  upper  line  gives  J<i(<j))/Ro(*\  and  the  lowcie  line  gives  Jdji(<o)/Ro^^^- 
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FIG.  23  The  reduced  steady-state  viscosity  Tjic/rio  and  recoverable  compliance  Rk<S)/R^(S) 
versus  the  reduced  shear  rate  tcK  for  two  of  the  solutions  of  mixtures  of  PBT  and 
nylon.  The  upper  and  lower  data  sets  in  each  panel  are  for  A-1.54/9  and  A-1.43A).96, 
respectively.  The  former  are  at  301 K  and  die  latter  are  at  301, 313, 328  or  335  K  as 
the  pips  rotate  clockwise  from  up.  The  curves  are  calculated  as  described  in  the  text. 
Values  of  t]  k,  and  tc  are  given  in  Table  5. 
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FIG,  24  The  reduced  steady-state  viscosity  and  recoverable  compliance  Rk(S)/R<j(S) 

versus  the  reduced  shear  rate  for  solutions  of  mixtures  of  PBT  and  nylon  listed  in 

Table  5.  The  data  are  grouped  in  each  panel  as  in  Fig.  23  (e,g.,  C-2.54/F  samples  at 
the  top).  The  data  cover  a  span  of  temperature,  as  discussed  in  the  text;  temperature 
are  not  indicated  in  the  interests  of  clarity.  Values  of  tIk,  and  Xc  are  given  in 
Tabic  5. 
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FIG.  26  The  reduced  steady-state  viscosity  tIk/Ho  and  recoverable  compliance 

versus  the  reduced  shear  rate  tcK  for  soludoos  of  PabBO  listed  in  Table  6,  with  pips 
rotating  clockwise  with  increasing  concentration.  Values  of  and  tc  are  given 

in  Table  5.  The  curves  are  calculated  with  Eqns  13  and  14,  using  the  experimental 
data  on  the  distribution  of  relaxation  times. 
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FIG.  27  The  reduced  steady-state  viscosity  tIx/Ho  and  recoverable  compliance 

versus  the  reduced  shear  rate  tcK  for  solutions  of  mixtures  of  PBO  and  PabBO  listed 
Table  6,  with  pips  rotating  clockwise  with  increasing  concentration.  Values  of  tIk. 
R^(S)  and  tc  are  given  in  Table  5.  The  curves  are  calculated  with  Eqns  13  and  14, 
using  the  experimental  data  on  the  distribution  of  relaxation  times. 
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FIG.  28  The  flow  birefringence  function  An^RoIS)  versus  the  reduced  shear  rate  TcK  at  30 1  K 
for  blends  PBT  and  nylon  in  series  A  (filled  circles)  and  series  C  (unfilled  circles). 

For  the  former,  the  pips  rotate  clockwise  from  up  for  A  1.95/0.49,  A-1.10/1.10,  A- 
1.1 1/1.66,  A-0.83/1.93,  and  A-0.54/2.16.  For  the  latter  the  pips  rotate  clockwise  from 
up  for  C-1.29/0.  C-1.29/0.45,  C-1.28/0.68.  C-1.27/0.90.  C-1.27/1.12  and  C-1.30/1.58. 
TTie  straight  line  has  slope  2  expected  for  small  tex:- 
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FIG.  29  The  ratio  il/r|R  of  the  viscosities  of  a  blend  of  PBT  and  nylon  and  a  solution  of  PBT 
with  the  same  concentration  of  rodlikc  chains,  but  no  nylon-66,  as  a  function  of  the 
nyIon-66  volume  fracrion  in  the  blend  for  a  series  C-1.28/F  samples.  The  solid  and 
dashed  curves  represent  the  use  of  Eqn.  3  along  with  Eqns.  4  or  5  respectively,  as 
discussed  in  the  text 
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FIG,  30  The  ratio  of  the  viscosities  of  a  blend  of  PBO  and  PabBO  and  a  solution  of  PBO 
with  the  same  concentration  of  rodlike  chains,  but  no  PabBO,  as  a  function  of  the 
PabBO  concentration  in  the  blend  for  solutions  with  <Pr  of  0.0198  (triangles)  and 
0.0310  (squares)  The  solid  and  dashed  curves  represent  calculations  of  the 
contribuuon  due  only  to  the  PBO,  and  the  dashed  line  includes  contributions  from  both 
components,  as  discussed  in  the  text. 
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